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ABSTRACT

Gaseous nitrogen oxides were scrubbed with water at 298 K and at

near atmospheric pressure in towers packed with 6- and l3-rnm Intalox

saddles. Nitrogen oxide removal efficiencies from 55 to 97% were

obtained over a wide variation of packing depths. Other studies concern-

ing the depletion of nitrous acid in packed towers are also presented.

A mathematical model was developed based on the mass-transfer

information for packed towers and chemical-reaction and mechanistic

phenomena specific to the NO -HNO -H
2
0 system. Calculated NO removalx x x

efficiencies utilizing this model agree with the observed experimental

phenomena fairly closely. The model is presented and discussed along

with the results of the experimental actiVities .
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CHAPTER I

INTRODUCTION AND SIGNIFICANCE

The absorption of nitrogen oxides into aqueous media is important

in many industrial processes, as well as in the production of nitric

acid. Interest in this process is increasing due to current interest in

air pollution abatement and resource recovery. There is an enormous

amount of "piece-wise" literature, both of a fundamental and of an

applied nature, on this subject. However, an integrated understanding

of the basic mechanisms involved in this process has not been available.

In a recent article, Dr. Robert L. Pigford (1978) states, " ... today we

still don't know how to design a nitric acid absorber reliably. We

aren't sure whether the size of the absorber is influenced more by the

rate of oxidation of nitric oxide in the gas space between plates, the

rate of decomposition of nitrous acid in the liquid on the trays, or the

rates of mass-transfer-limited reactions between N204 and N203 with

water at the interface between phases."

An experimental study of the absorption of gaseous nitrogen oxides

into dilute nitric acid in packed towers has been completed. A mathe-

matical model has been developed based on mass-transfer information for

packed towers and chemical reaction and mechanistic phenomena specific

to the NOx-HNOx-H20 system. This model agrees with the experimental

results quite well. The experimental work and the mathematical model

are presented and discussed in this report. This mathematical model

will be useful for NO scrubber design and for other process simulation
x

activities.

1
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The terms NO or other specie conversion or removal efficiency, asx

used in this study, indicate the mole fraction of gaseous NO or other
x

specie absorbed or otherwise converted; the use of these terms is not to

be confused with plate, tray, or stage efficiencies, which have been

explicitly defined in terms of an approach to some equilibrium value.

Due to there being several nitrogen oxides of interest, the terms chemical

nitric oxide (NO*) and chemical nitrogen dioxide (N02) are used (see

also symbols and abbreviations); the important gaseous nitrogen oxide

species may be represented in terms of equivalent NO* or N02 species.

In referencing the numbered equilibrium reactions (equations) in this

report, if the number is followed by a b, the backward reaction is of

interest; whereas, if the number is followed by an f, the forward

reaction is of interest; on the other hand, if the number is followed by

a B, then the inverse equilibrium is of interest. Standard conditions as

used in this study are taken to be at a temperature and a pressure of

298 K and 1 atm.



CHAPTER II

LITERATURE REVIEW

The scrubbing of NO compounds from gas streams and the chemistryx
involved in this operation have been the subject of many experimental

investigations. Much of this work was directed toward the development

and optimization of nitric acid production equipment for the "oxidation

of ammonia" process, which was demonstrated commercially just prior to

World War I (Chilton, 1960). The process is based on the production of

gaseous NO by the catalytic oxidation of ammonia and the absorption andx

reaction of these NO species by liquid water. The development of thex

theory of combined absorption and chemical reaction (Astarita, 1967;

Danckwerts, 1970) was of tremendous importance to the understanding of

the absorption of nitrogen oxides (Wendel and Pigford, 1958) and is

currently used in intrepretation of laboratory scale nitrogen oxide

absorption data and design calculations for nitrogen oxide scrubber

design (Sherwood, Pigford, and Wilke, 1975; Hoftyzer and Kwanten, 1972;

Counce, 1979).

The purpose of this literature review is to present a compilation

of the literature relevant to nitrogen oxide scrubbing operations and to

determine what experimental work is necessary for the design of an

aqueous scrubber to remove moderate partial pressures of nitrogen oxides

at atmospheric pressure. Other reviews on the aqueous scrubbing of

nitrogen oxides are presented by Hoftyzer and Kwanten (1972) and Sherwood,

Pigford, and Wilke (1975).

3
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The NO -HNO -H20 Systemx x

The NO -HNO -H20 chemical system can be described for engineeringx x

purposes by considering the important species to be NO, N02, N203,

N204, HN02, HN03, and H20. The relative homogeneous and heterogeneous

equilibrium proportions and the reactivity of these compounds in the gas

and liquid phases form the theoretical basis for this study. This

portion of the literature review first considers the important gas-phase

reactions, then briefly contrasts the solubilities of the various NO
x

species, and finally presents the important liquid-phase chemical reac-

tions. The study of the liquid-phase chemical reactions first focuses

on those reactions that contribute in a positive manner to the absorptive

flux. of NOx species from the gas to the liquid phase. Attention will

then be directed to the decomposition and/or depletion of aqueous HN02

produced by those previously mentioned reactions; this decomposition or

depletion is believed to produce the desorptive flux of NO species that
x

is associated with the scrubbing of NO species from gas streams.x

Gas Phase Reactions

The following gas-phase reactions are of interest when describing

the NO -HNO -H20 system:x x

NO (g) + N02 (g) • N203 (g) ,

NO (g) + N02 (g) + H20 (g) • 2HN02 (g) ,

(1)

(2)

(3)



and
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3NOZ (g) + HZO (g) # 2HN03 (g) + NO (g) ,

2NO (g) + 0z (g) + 2NOZ (g) .

(4)

(5)

The results of experimental investigations to determine equilibrium and

rate constants are presented for a number of investigations for each of

the above reactions. Other reviews on this subject have been done by

Beattie (1963) and Gray (1958).

The NOz-Nz04 Equilibrium Reaction. Bodenstein (1922) studied the

reaction between NOz and Nz04 at temperatures from 282 to 404 K. Data

are expressed in the following equation for the log of the pressure

equilibrium constant that best described this work, according to

Bodenstein:

log K_1 = - 2~92 + 1.75 log T + 0.00483T - 7.144 x 10-6Tz + 3.062 .

(6)

Verhoek and Daniels (1931) also investigated Reaction (1) but

varied the temperature from 298 to 318 K. The following equation

expresses their data for the log of the pressure equilibrium constant at

low partial pressures of Nz04 .

'-"

log K_
1

= 9.8698 _ 3~98 . (7)
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Corrections for increasing N204 partial pressures are given at 308 and

318 K similar to the following equation at 298 K:

K-I = 0.1426 - 0.03103 PN °
• 2 4

( 8)

The heat of dissociation was calculated to be 14,000 kcal kg-mol- I .

Hoftyzer and Kwanten (1972) give the following correlation for Kl

without temperature restrictions, derived from considerations of the

work of Verhoek and Daniels (1931) and the JANAF Thermochemical Tables

(1971) :

Kl = (0.707 x 10-9) exp (6866/T) . (9)

The rate of dissociation of gaseous N204 was studied by Carrington

and Davidson (1953) at total pressures from 0.5 to 7 atm and temperatures

of 253 to 301 K. At 298 K, a first-order dissociation rate constant was

determined to be 8.3 ± 1.3 x 104 s-l, and the bimolecular association

rate of N02 was calculated to be 5.2 x 108 m3 kg-mol- 1 s-l, using equi

librium constants calculated from the work of Verhoek and Daniels (1931).

The NO-N02-N203 Equilibrium Reaction. Abel and Proisl (1929)

studied the reaction of NO and N02 over a wide range of temperatures.

At zero pressure, K_2 was found to be 0.539 and 2.39 atm at 281 and

308 K. The heat of dissociation was calculated to be 9600 kcal kg-mol- 1 .

Verhoek and Daniels (1931) studied Reaction (2) and calculated

values of 2.105, 3.673, and 6.880 atm for the equilibrium constant K-2

for very low N203 partial pressures at 298, 308, and 318 K respectively.
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The heat of dissociation was calculated as 10,160 kcal kg-mol- I . Cor

rection for this equilibrium constant at higher Nz03 partial pressures

is also given.

Reaction (2) was also studied by Beattie and Bell (1957). They

calculated values of K-z of 0.595, 1.082, 1.916, 3.097, and 5.193 atm at

low Nz03 partial pressures and temperatures of 278, 288, 298, 308, and

318 K. The heat of dissociation was calculated as 9527 ± 96 kcal kg-mol- I .

The values of K_ z decreased with increasing partial pressures of NOz.

This work by Beattie and Bell was expressed in equation form by Hoftyzer

and Kwanten (1972) as:

KZ = (66.15 x 10-9 ) exp (4740/T) . (10)

The NO-NOz-HzO-HNOz Equilibrium Reaction. Wayne and Yost (1951)

investigated the reaction of NO, NOz, and HzO as well as the dissociation

of HNOz and Nz0 3 at 298 K. These reactions were found to be very fast.

The forward reaction rate constant of the following equation, combining

Reactions (2) and (3),

(11)

was found to be 1.1 x 105 atm- Z s-l, apparently catalyzed by water. The

reverse reaction rate constant was found to be 6.6 x 10-4 atm- Z s-l,

again apparently catalyzed by water. The dissociation rate constant for

Nz0 3 was found to be 150 s-I. Their value for K3 is given in Table 1.

Ashmore and Tyler (1961) investigated Reaction (3) at 293, 313,

333, and 353 K. Their data for K3 are presented in Table 1. The

calculated heat of reaction was -18,820 ± 200 kcal kg-mo1- 1 .
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Table 1. Equilibrium constants for the gas phase
reaction of NO, N02, HN02, and H20

Values of K3 (atm- 2) obtained by various researchers

Temperature
(K)

293

298

313

325

333

350

353

375

400

425

450

475

500

Wayne
and Yost

1. 74

Ashmore
and Tyler

1.56

0.641

0.250

0.112

Karavaev
and Skvortsov

1.60

0.445

0.156

0.609 x 10- 1

0.267 x 10- 1

0.132 x 10- 1

0.704 x 10-2

0.398 x 10- 2

0.236 x 10-2

Waldorf
and Babb

2.38

Sources:
l.
2.
3.

36: 566
4.

L. G. Wayne and D. M. Yost, J. Chern. Phys. 19: 41 (1951).
G. Ashmore and B. J. Tyler, J. Chern. Soa. 1017 (1961).
M. Karavaev and G. A. Skvortsov, Russ. J. Phys. Chern.

(1962) .
D. M. Waldorf and A. L. Babb, J. Chern. Phys. 39: 432 (1963).
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The equilibrium constant for Reaction (3) was later investigated by

Karavaev and Skvortsov (1962). Their data are presented in Table 1.

The heat of reaction was computed as -18,000 kcal kg·mol- 1 .

Reaction (3) was later investigated by Graham and Tyler (1972) at

298 K and higher temperatures. At 298 K, their value of the forward

reaction rate constant for Reaction (3) is 3.1 x 10 3 atm- Z s-l, again

catalyzed by water.

Kaiser and Wu (1977) investigated Reaction (3) at 300 K and found

the results to be complicated by adsorption of HN02 and HzO. Using

straight-forward rate expressions, they found upper bounds for the

forward and reverse reaction rate constants for Reaction (3) of

7 x 10-49 atm- Z s-1 and 4 x 10- 25 atm- 1 s-l respectively. These values

are considerably different from the previously mentioned researchers.

Waldorf and Babb (1963) investigated Reaction (3) at 298 K. Their

data point is presented in Table 1.

Hoftyzer and Kwanten (1972) present the following equation for K3

based on the work of Wayne and Yost (1951), Ashmore and Tyler (1961),

Karaveav and Skvortsov (1962), and Waldorf and Babb (1963):

K3 = 0.187 x 106 exp (4723/T) . (12)

The NOz-H20-HN03-NO Equilibrium Reaction. There is confusion as to

the importance of the gas-phase reaction between NO z and water, Reaction

(4). Much of the confusion is due to the gas-phase reaction being

thermodynamically limited; however, the two-phase system can occur

spontaneously and the overall reaction:
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3NOz (g) + HZO (g) ~ 2HN03 (t) + NO (g) , (13)

is thermodynamically favored (Forsythe and Giauque, 1942). This addi-

tional phase formation is commonly observed as a mist or fog to some

extent by almost all researchers studying the NO -HNO -HzO system; it is
x x

formed spontaneously when the gas-phase concentration of HN03 exceeds

about 50 ppm at ambient conditions (Goyer, 1963) or if the gas-phase

concentration or partial pressure over aqueous sOlutions exceeds its

vapor pressure. The researcher is at an extreme disadvantage in these

studies because if the gas-phase reaction is limited so as not to

produce a second phase, the extent of the reaction may be scarcely

detectable.

The gas-phase reaction of N02 and HzO was successfully studied, .

however, by England and Corcoran (1974) at low partial pressures of HN03,

ambient temperature, and pressure. These data were best described by

the following equation:

where the proposed overall reaction is:

2NOZ (g) + HzO (g) ~ HNOz (g) + HN03 (g) .

(14)

(15)

The values of klS and k-IS at 298 K are 184 ± 9.8 atm- Z s-l and 478 ±

26 atm- 1 s-l. The activation energy was -978 kcal kg-mol- 1 • This paper

presents a very interesting analysis of their observations and those of

others based on basic theoretical concepts of the NO -HNO -H ° system.x x Z
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The reverse of the N0i-HzO reaction, that is, the reaction of NO and

HN03 was studied by Smith (1947) at low pressures over a temperature

range of 273 to 303 K. The production of NO z in the gas-phase was

approximately represented by the following equation:

(16)

apparently catalyzed by NOz. Water vapor also increased the reaction

rate. Smith believed that the effect of water vapor was due to a

heterogeneous reaction. The value of k_ 4 was about 3 x 102 atm- Z s-l

at 298 K. The reaction rate decreased over the temperature range of 273

to 303 K.

The reaction of NO and HN03 was treated as an instantaneous reaction

by Lefers, et al (1980) in wetted-wall column studies in which gaseous

NO was contacted with concentrated aqueous HN03. These studies were

conducted at 1 atm and 293 K; the NO partial pressure at the inlet was

0.02 to 0.12 atm, and the nitric acid strength was 60 to 80 wt %. In

these experimental studies, the NO is oxidized to NOz by HN03 in the

gas-phase, followed by the absorption of Nz04 into the acid solutions.

These studies show good agreement between theoretical computations and

experimental results.

The Oxidation of NO. The oxidation of NO was studied by Bodenstein

(1918) at 273, 303, 333, and 363 K; the partial pressure of NO was

varied from 0.08 to 0.14 atm in excess oxygen. Bodenstein confirmed the

third-order kinetics consistent with the following rate equation:
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(17)

Rate constants are given in Table 2.

Under conditions comparable to those used by Bodenstein, Hasche and

Patrick (1925) examined the kinetics of the reaction of NO and oxygen at

273 and 303 K and found that a third-order reaction occurs consistent

with Equation (17). The reaction appears to be catalyzed by the presence

of glass wool. Reaction rate constants are presented in Table 2.

Treacy and Daniels (1955) also found a third-order reaction con-

sistent with Equation (17) in their analysis of the reaction kinetics of

NO and oxygen at 273, 298, and 338 K. The NO partial pressure was varied

from 0.006 to 0.02 atm, and the oxygen partial pressure was varied from

0.026 to 0.006 atm. Reaction rate constants are listed in Table 2.

The reaction rate constant of Morrison, Rinker, and Corcoran (1966),

who investigated the oxidation of NO at 300 K, is also presented in

Table 2. The NO concentration was varied from 2 to 75 ppm; the oxygen

concentration ranged from 0.03 to 0.25 atm. The reaction appeared to

proceed at third-order kinetics, consistent with Equation (17).

Greig and Hall (1967) used similar parameters to investigate the

oxidation of NO. In their work, temperatures of 293, 322, 352, and

372 K were used; the partial pressure of NO varied from 0.05 to 0.11 atm,

and the partial pressure of oxygen ranged from 0.01 to 0.28 atm. These

workers also confirmed third-order kinetics consistent with Equation (17).

Rate constants are presented in Table 2.

An indication of the role of the individual NO and HNO species inx x

aqueous absorption technology can be seen by comparing the individual
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specie solubilities presented in Table 3. These heterogeneous equilib

riums, ranked by sOlubility from least to highest are

and

NO (g) ~ NO (t) ,

HN03 (g) ~ HN03 (t) .

(18)

(19)

(20)

(21)

(22)

(23)

These equilibrium (Henry's Law) constants vary over several orders of

magnitude ranging from very soluble to extremely insoluble species.

Another review of this subject was authored by Schwartz and White (1980).

Liquid-Phase Mechanisms and Reactions

In the liquid phase, the following reactions appear to be important

to the absorption flux:

(24f)

(25f)

and

(26f)

The reaction of NOz and water is sufficiently slow to be considered as a

bUlk-phase reaction; thus, the absorption rate is related to the transfer
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Table 3. Henry's Law constants at 298 K

Species H. (m3·atm kg.mor 1)
1

NO S18.0a

NOz 24.i

NZOg 2.S9c

N204 O.769d

HN02 O.030Se

HN03 8.2 x 1O-13f

aA. G. Loomis, International Critical Tables III, 255 McGraw Hill,
New York (1928).

bAndrews and Hanson, Chem. Eng. Sci. 14: 105 (1961).

cC• E. Corriveau, Jr., Master's Thesis in Chemical Engineering,
University of California, Berkeley (1971) .

. dR. Kramers, M. P. P. Blind, and E. Snoeck, Chern. Eng. Sci. 14:
US (1961).

eE. Abel and E. Neusser, Monatsh. Chern. 54: 855 (1929).

f p. J. Hoftyzer and F. J. G. Kwanten, Processes for Air PolZution
Control, 2nd ed., Chemical Rubber Co., Cleveland (1972).
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of NO z into the bulk liquid phase (Andrews and Hanson, 1961). However,

the hydrolysis of NZ04 and Nz03 are sufficiently fast to take place in

the liquid film (see also Appendix F).

The bulk of material presented in this section, however, deals with

the absorption of N0i and NO* into water under conditions that make the

hydrolysis of Nz04 and Nz03 the primary liquid-phase reactions that

positively contribute to the absorptive flux.

The Equilibrium Absorption of NOZ-NZ04 into Water. The equilibrium

reaction of NOz-Nz04 and water was investigated by early researchers in

order to provide information for the design of nitric acid production

columns. These reactions were usually written as:

(27)

(28)

The overall reaction is then

(29)

In 1959, Carberry pointed out that in view of the mounting body of

evidence which indicated that Nz04 was the reactive specie, Reaction (1)

should be included in the above scheme,

The overall equilibrium reaction now becomes:

(30)
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The equilibrium expression,

may be put in a more useful form defining a portion of K30 to be:

(31)

K =c (32)

a function of the nitric acid strength. Values of K have been obtained
c

by various researchers (Abel et a1., 1930; Burdict and Freed, 1932;

Chambers and Sherwood, 1937; Denbigh and Prince, 1947; Epshtein, 1939; and

Tereshchenko et al., 1968). However, it was Carberry (1959) and Menegus

(1959) who discovered that when the overall reaction was expressed in

terms of NZ04 instead of NOz the equilibrium expression K became
c

independent of temperature. This plot, by Carberry, is presented in

Figure 1. Another useful representation of this information is an

equation for Kc as a function of the weight percent nitric acid presented

by Beattie (1963) and Sherwood, Pigford, and Wilke (1975):

log K = 7.412 - 20.28921 w + 32.47322 wZ - 30.87 w3 .c
(33)

One fact often overlooked in applying the equilibrium constant, K ,c

is that the indicated reaction sequence explicitly requires that nitrous

acid be present in the liquid phase. The sequence of reactions that

produce 1/3 mole NO from the reaction of 3/2 mole Nz04 must produce and
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maintain a steady-state HNOz concentration in the liquid phase. Although

this is a simple point, it is generally overlooked. Makhotkin and

Shamsutdinov (1976) state that in atmospheric pressure nitric acid

production columns, the HNOz concentration varied from 0.02 to

0.07 kg-mol m- 3 as the HN03 concentration varied from 1.3 to 10.4 kg-mol m- 3.

In other experimental studies by Makhotkin and Shamsutdinov (1976),

using a laboratory-scale apparatus at 293 K and atmospheric pressure,

d.Ol atm NOz in Nz was bubbled through an aqueous solution. The results

are seen in Figure 2. The ratio of NO produced to NOz absorbed reaches

about 33% only when the steady-state HN02 concentration is attained.

The Non-Equilibrium Absorption of N02-N204 into Aqueous Solutions.

The hydrolysis of N204 during the absorption of Nz0 4 into water or

dilute nitric acid is essentially irreversible due to low concentrations

of HNOz and HN03 in the liquid phase, Reaction (25f):

Chambers and Sherwood (1937) studied the absorption of N02-NZ04 from

nitrogen into water and aqueous solutions of HN03 and NaOH at 298 K

using both a wetted-wall column and a semi-batch system. The partial

pressure of NO~ was varied from 0.04 to 0.58 atm. The HN03 concentra

tion was varied up to 18 kg-mol m- 3; the NaOH concentration was varied

up to 11.6 kg-mol m- 3. The results from the wetted-wall column showed

the mass-transfer coefficient varied as the 0.8 power of the gas Reynolds

number, indicating that the gas-phase resistance controlled the absorption

rate. However, the mass-transfer coefficients were lower than expected
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based on data of water vaporization under similar conditions. Further,

NO was found in the off-gas from these experiments, even when aqueous

NaOH was used as the absorbent. If the reaction of NO~ and water took

place in the liquid phase, one should expect that the reaction,

2N02 (~) + 2NaOH (~) + NaN02 (~) + NaN03 (~) + H20 (~) , (34)

should prevent the formation of gaseous NO. Chambers and Sherwood

assumed that nitric acid mist was formed in the gas-film due to the

reaction of N0i and water vapor, and the increased resistance was due to

the diffusion of N0i through this mist. A decrease in the N0i absorption

rate with increased NaOH or HN03 strength was also observed.

The effects of system temperature, N0i concentration, and acid

mOlarity on the absorption rate of N02-N204 from NOi-N2 gas mixtures

into HN03 using a wetted-wall column in a closed system with complete

recirculation were investigated by Denbigh and Prince (1947). Tempera

tures of 298 and 313 K were used; the NOi partial pressure ranged from 0

to 0.27 atm; and the acid molarity was varied from 1.7 to 13.0 kg-mol m- 3.

For acid strengths up to 5.7 kg-mol m- 3, the absorption rate of N0i can

be reasonably represented as a linear function of the partial pressure

of N204:

(35)

Their values of ~ at 298 and 308 K are 7.36 x 10-4 and 8.29 x 10-4

kg-mol m- 2 atm- 1 s-l. At higher acid strengths, the absorption rate

takes into consideration the reaction reversibility:
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= ~ (PN
2
0

4
- K' pl/4 pl/2)N204 NO '

(36)

(37)

Liquid and gas phases were analyzed; the gas phase was analyzed contin-

uously for N02-N204 using a calibrated photo cell. The results were

assumed to be controlled by chemical kinetics in the region of the gas-

liquid interface. Little HN02 was found in the liquid at the end of the

experiment.

A wetted-wall column was also used by Caudle and Denbigh (1953) to

experimentally measure the rate of N0i absorption from nitrogen into

water, 2.8 kg-mol m- 3 NaOH, and calcium chloride solutions. The system

featured closed recirculating gas and liquid streams. The variables

examined were gas composition, temperature, and gas and liquid flow

rates. The absorption rate was highest when water was the absorbent.

No effect of liquid flow rate was observed over a range of liquid Reynolds

numbers from 3500 to 12,000 except for the local eddying and mixing

effects in the liquid phase that appeared to be functions of the gas

flow rate. The absorption rate of N0i can be calculated as a linear

function of the partial pressure of N204' except when NO was present and

a small N203 absorption flux was indicated. At 298 K, the rate constant

from Equation (35) was between 8.2 x 10-4 and 3.3 x 10- 3 kg-mol m- 2

Caudle and Denbigh (1953) suggested that the hydrolysis of N204

occurs at the gas-liquid interface because (a) the absorption rate is
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proportional to the interfacial area instead of the volume of bulk

phases; and (b) NO is liberated primarily in the column, with a small

amount being evolved from the exiting liquor, when N204 is absorbed in

column. No NO was evolved from N0i absorption into NaOH solutions. The

absorption rate was determined by photometric gas analysis.

Peters and Holman (1955) used both nitrogen and air as the diluent

gas in their wetted-wall column experiments on the absorption of N02-N204

into water, NaOH, and NaCl solutions. No significant difference was

noted in the results with nitrogen or air. The NOi partial pressure was

maintained at 0.048 atm; all runs were made at atmospheric pressure and

at temperatures ranging from 301 to 329 K. The concentrations of NaOH

and NaCl were 2.8 and 4.8 kg-mol m- 3 respectively. The absorption rate

of N0i was higher when water was the absorbing liquid and lowest when

NaCl solutions were used. The absorption rate decreased significantly

with increasing temperature in all cases. Both the gas and liquid

phases were analyzed, and inlet and outlet N0i and HN03 or NaOH concentra

tions were determined by chemical methods. The presence of NO in the

off-gas when an NaOH solution is the absorbent liquid may suggest a gas

phase reaction for the hydrolysis of NO~. However, no proportionality

of N0i removal rate to water vapor fugacity was interpreted as an indica

tion of the presence of a liquid-phase reaction; thus, both liquid- and

gas-phase reactions may contribute to N02 absorption.

Wendel and Pigford (1958) studied the absorption of N02-N204

into water using a wetted-wall column and nitrogen as the diluent gas.

The N0i partial pressure was varied up to 0.20 atm. The range of gas

rates covered Reynolds numbers from 170 to 350; water rates were varied
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to allow contact times between gas and liquid from 0.03 to 0.3 s; and

temperatures of 298 and 313 K were used. No effects of gas or liquid

flow rates or of contact time on the two reaction rates were observed.

The indicated rate-controlling step was the hydrolysis of N204' The

results were interpreted using the penetration theory and assuming that

Reaction (2Sf) occurs in the liquid film,

(38)

Other experimental results are presented in Table 4, It is note-

worthy that this is the first application of the penetration theory to

the understanding of the absorption of NOi,

In a literature review in 1959, Carberry concluded that, in cases

where N204 is dissolved in solvents of high dielectric strength, ioniza-

tion occurs according to the reaction:

and N204 exists in these solutions in the ionized form. In light of

this conclusion, the reaction of dissolved N204 and water may be written

as:

+ - + -N204 (£) + H20 (£) + NO (£) + OH (£) + H (£) + N03 (£), (40)

or

(41)
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The ionization of Nz04 not only supports the kinetic and chemical equi

librium data, but it also provides significant corroboration for the

argument that a purely gas-phase reaction between Nz04 and water vapor

is an unlikely occurrence.

Dekker, Snoeck, and Kramers (1959) investigated NOZ-N204 absorption

in a wetted-wall column for contact times of 0.2 to 0.4 s, inlet N0i

partial pressures of 0.03 to 0.15 atm, and operating temperatures of 298

to 308 K. The absorption rate data were correlated with an equation

similar to Equation (38); contact time had little effect on the absorp

tion rate. The experimental results, presented in Table 4 are fairly

consistent with the following model:

1. In the gas phase, N02 and Nz04 are in continuous equilibrium

with each other.

2. At the gas-liquid interface, only Nz04 is dissolved in water.

3. The diffusion of Nz04 into water is accompanied by a rapid

pseudo-first-order chemical reaction between Nz04 and water.

Absorption of N0i was measured by photometric analysis of the gas phase

and titration of the liquid acid phase for both HN03 and HNOz.

A stirred-tank reactor was used by Peters and Koval (1959) to study

the absorption of N0i from N0i-air mixtures into water. In their study,

the partial pressure of N0i (NOz-Nz04) was varied from 0.4 to 4.4 atm;

both the gas and the liquid phases were analyzed to determine NOi

absorption. They found that removal efficiency improved with increased

N0i concentration and/or increased agitation. The agitator was designed

to break up large gas bubbles into smaller ones. The data can be cor

related with the following rate equation:
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(42)

Equation (42), in contrast to Equation (38), adds a term to account

for N203 reactions.

This experiment differs from the work with bubble-cap, sieve-plate,

or wetted-wall columns in that the stirred tank provides for greater

gas-liquid contact time and contact area. Under these conditions, the

reaction of N203 with water cannot be ignored.

Koval and Peters (1960) examined the absorption of N0i from feed

gas mixtures of NOi-NO*-N2 into water at 304 K in a long wetted-wall

column at atmospheric pressure. The N0i partial pressure was varied up

to 0.04 atm. Chemical analysis of the gas and liquid phases revealed

that the presence of NO had a marked effect on the HN03-HN02 split,

greatly increasing the production of ~NO~ at the expense of HN03 produc

tion. The chemical stoichiometry is described by the following equation:

(2 + S/4)N204 (g) + (2 + S/2)H20 (~) + 2HN03 (~)

+ 2(1 + S/2)HN02 (~) - (S/2)NO (g), (43)

where S refers to the molar excess of HN02 over HN03' The following

rate equation describes the experimental data:

(44)

Equation (44) allows for an additional absorption flux and a desorption

flux to Equation (38).
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Kramers, Blind, and Snoeck (1961) used a laminar water jet to study

the absorption of N02-N20q from an inert carrier gas into water at 293

and 303 K. Gas-phase resistance was eliminated by using pure N0i at

reduced pressures. They determined the absorption rate by chemical

analysis of the liquid phase for HN02 and HNOg. The absorption rate

data were correlated with Equation (38); experimental results are given

in Table 4.

Moll (1966) investigated the rate of hydrolysis of N20q over the

temperature range 300 to 318 K. He injected liquid N20q directly into a

flowing water stream and measured the resulting temperature rise down

stream of the injection point. From these temperature profiles, he

determined k25f' a pseudo-first-order rate constant. His rate constant

at 298 K is presented in Table 4, and his correlation of k25f with the

temperature from 300 to 318 K is:

2n k25f =16.38 - 3l63/T. (45)

His work is the first direct evidence that the hydrolysis of N20q

occurs as Equation (25f), a pseudo-first-order reaction.

In some pulse radiolytic investigations by Gratzel (1969), the

liquid-phase reaction rate constant of N20q and water was found to be

considerably higher than that determined from other investigators.

Their data point at 293 K is given in Table 4.

Hoftyzer and Kwanten (1972) investigated the absorption of N02-N20q

by using laminar jets. In their works, the following variables were

studied: the partial pressure of N0i, 0.05 to 1.70 atm; temperature,

276 to 348 K; and acid molarity. Data were correlated using Equation (38).
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The experimentally determined value of (vVk/H)N
2
0

4
is given in Table 4

for 298 K, and the following correlation represents their data for

temperatures from 276 to 348 K:

(46)

These investigators found that the value of (~/H)N204 decreased

with increasing acid molarity. This decrease was attributed to the

increase in the Henry's Law constant with increasing ionic strength.

They stated that the values of H could be corrected by using the factor

exp (-0.075 I), where I is the ionic strength.

Chilton and Knell (1972) studied the absorption of N02-N204 into

water, NaOH solutions of 1 and 5.7 kg-mol m- 3 , and KI solutions of

I kg-mol m- 3 (normality was 0.2 due to presence of NaOH also). These

tests were conducted at 298 K and atmospheric pressure using a long

wetted-wall column. The partial pressure of NO~ was varied between 0.01

and 0.07 atm. Standard chemical analyses of the gas and liquid phases

were in excellent agreement. Their absorption rate data for NOz
absorption into water were in agreement with other researchers - the

mass-transfer resistance assumed to be in the liquid phase. The absorp

tion of N0i into KI was approximately twice as fast as into water and

was thought to be limited by gas-phase resistance of the transfer of

N0i to gas-liquid interface. The reaction of NOz and iodine is thought

to be

N02 (t) + KI (t) + KN02 (£) + I (t) . (47)
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The absorption rate of N0i into aqueous NaOH was lower than that of

water. This is thought to be due to decreased solubility and diffusivity

of N204' reduced activity of water, and less rippling of film due to

increased viscosity.

Using a wetted five-sphere laboratory absorber, the absorption of

N02-N204 into water and aqueous solutions of H2S04' NaOH, and Na2S04

was studied by Kameoka and Pigford (1977). These studies were to evaluate

the alkaline absorption of simulated oxidized flue gases from stationary

combustion facilities. The NOz partial pressure was varied from 0.01 to

0.02 atm in a N2 carrier gas. The results were based on liquid-phase

chemical analysis.

The absorption rate into water correlated well with Equation (38)

and the results are presented in Table 4. The absorption rate was

unaffected by the presence of H2S04 in concentrations of 0.09 kg-mol m- 3.

The absorption rate in aqueous solutions of 0.2 kg-mol m- 3 NaOH was about

7% higher than for water alone. This increase in absorption rate with

the addition of NaOH apparently conflicts with the results of Chambers

and Sherwood and Chilton and Knell; however, both of these papers deal

with more concentrated NaOH solutions. Apparently, the increase in N02

reactivity more than compensates for the loss of solubility at low NaOH

molarities. The absorption rate with appropriate rate constants for

these studies was

(48)

The reaction rate of N0i in 0.1 kg-mol m- 3 NaOH and 0.042 through

0.153 kg-mol m- 3 solutions of Na2S03 was expressed as
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(49)

Using Kramer's (1961) values for V
N204

and H the following is
N204 '

calculated:

and

k" = 8690 m3 kg·mol- 1 s-l .

These rate equations indicate parallel aqueous reaction paths for N204

reacting with H20, OH-, and S03-

Makhotkin and Shamsutdinov (1976) studied the effects of HN02 on

N0i absorption into water, nitric acid, and other aqueous solutions in a

film column at 293 K. The absorption rate of NO; at HN02 partial pres

sures of 0.2 to 0.75 vol % generally decreased to zero as the aqueous

nitric acid concentration approached about S5 wt %; however, all curves

exhibit a maximum at 4 to 5 wt %nitric acid. The absorption rate of

NOZ at gas concentrations of 0.1 to 5 vol %decreased as the nitrous

acid concentration of the absorbing solution was increased from zero to

0.046 kg·mol m- 3 ; this decrease is more pronounced at gaseous NOz
concentrations below 1 vol %. The NOz absorption rate was also studied

for various solutions. The highest absorption rate was observed for

tributyl phosphate, water saturated with tributyl phosphate, and tributyl

phosphate with 0.27 kg·mol m- 3 HN03 and 0.18 kg·mol m- 3 HN02' In order
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of decreasing N0i absorption rates, the other solutions were 5 wt %

nitric acid, water, 17 wt % HN03, 42 wt % HN03, and 10 wt % KOH. The

NOZ absorption rate into water saturated with tributyl phosphate was

definitely a function of the gas velocity over a range of 0.3 to 3.0 m s-l

at N0i concentrations of 0.5 to 2 vol %; at lower N0i concentrations there

is a change in the relationship between N0i absorption and gas velocity.

The Non-Equilibrium Absorption of N203 into Water. Using a labora-

tory absorber of five wetted spheres, Corriveau (1971) studied the

absorption of gaseous mixtures of N0i and NO* into water at 298 K and

atmospheric pressure. The major absorbing species were found to be

N204 and N203 over interfacial partial pressures of (9.0 - 2.9) x 10- 5 atm

and (1.0 - 4.0) x 10-4 atm respectively. Experimental results were

based on an analysis of N0i in the feed gas, and HN02 and the total acid

in the liquid phase. The absorption of HN02 was found to be negligible

in these experiments, and a value of (~H)N203 of 1.59 x 10- 3 kg·mol m- 2

atm- 1 s-1 was obtained; k and H were found to be 1.2 x 104 s-l and

0.39 kg·mol m- 3 atm- 1. Corriveau's values of (vVk/H)N
2
0

4
are presented

in Table 4. No absorption of HN02 was observed during these experiments

although HN02 was thought to act as a transport specie in the gas-phase.

The Decomposition/Desorption of Aqueous HN02. During the removal

of nitrogen oxides from gas streams by absorption into water, aqueous

HN03 and HN02 are produced. Nitric acid is fairly stable in comparison

with HN02, which can spontaneously decompose in the liquid-phase to HN03

and NO or transfer back to the gas-phase due to the relatively high

vapor pressure of HN02 over aqueous solutions. This desorption phenomena
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is a well-known characteristic in the aqueous scrubbing of nitrogen oxides.

The literature concerning the mechanisms and reactions involved in the dis-

appearance of aqueous HN02 has been extensively investigated as this area

appears to be the least understood of the NO -HNO -H20 system phenomena.x x

The reversible nature of the depletion of nitrous acid from aqueous

solutions was confirmed by Montemartini (1890) to be Reaction (28):

This work was conducted primarily at 300 K and atmospheric pressure in

open and closed vessels with a quiescent liquid phase. Nitrous acid for

the decomposition studies was prepared in total concentrations up to

0.005 kg-mol m- 3 with initial HN03 concentrations near zero. [Total

nitrous acid (HN0i) is the sum of HN02 in all its aqueous equilibrium

forms.] The depletion was first order with respect to aqueous HNOz with

the rate constant decreasing by about 1/3 for each 15 K. The ratio of HN03

produced to HNOz disappearing from SOlution, R*, was about -1/3 for decom-

position studies conducted in a continuously replaced inert atmosphere; for

similar studies conducted in open vessels, R* was slightly lower than -1/3,

and the rate constants were also slightly lower. The equilibrium, as

expressed in Reaction (28), was also approached from the right.

The decomposition of nitrous acid was later investigated in a

sparged flask at 291 K at ambient pressure by Montemartini (1892).

Total nitrous acid solutions of 0.005 kg-mol m- 3 were generated by

adding KNOz to HN03 solutions in concentrations up to 13 kg-mol m- 3.

The sparge gas was Hz. The effluent gas was bubbled through a KOH

SOlution, which removes the N02 by:
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2N02 (g) + 2KOH (t) + KN02 (t) + KN03 (t) . (50)

The NO present in the gas phase would not be absorbed to a great extent

in the KOH solution. The overall decomposition reaction for HN03

concentrations from 0.8 to 5.6 kg·mol m- 3 was first order with respect

to the HN02concentration and is in agreement with Reaction (28); for

higher HN03 strengths, the decomposition was Reaction (27b):

HN02 (t) + HN03 (t) + 2N02 (g) + H20 (t) .

The formation and decomposition of nitrous acid were further investi-

gated by Valey (1892) using laboratory glassware. "The experiments were

conducted in dull and generally foggy weather, advantageous at least for

them, as concentrated nitric acid is decomposed by direct sunlight."

Valey studied the formation of liquid HNOzproduced by sparging nitric

acidlsolutions with gaseous NO. The initial HN03 concentration was
I

varied from 1.0 to 16.9 kg·mol m- 3• The temperature was varied from 282

to 325 K under ambient pressure conditions. The concentrations of HNO~

and HN03 in the liquid phase were analyzed continuously until steady-

state had been established. The proportional quantity of total nitrous

acid at steady-state increased with increased nitric acid concentration.

With more dilute acids, this proportional quantity of total nitrous acid

increases then decreases with temperature; for concentrated acids, this

decrease with temperature is uniform. The reaction of NO and HN03 was

commonly observed to produce liquids of blue to greenish-blue in color.

For HN03 molarities 4.6 to 9.2 kg·mol m- 3, the steady-state HNO~-HN03

mixtures were blue in color. For HN03 molarities of greater than
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10.8 kgomol m- 3, it appeared that N0i was formed first in the liquid,

then HN02 was formed because the liquid turned yellow at first, then

deep green. For HN03 strengths less than 5.6 kgomol m- 3, the reaction

is as described by Reaction (28b):

2NO (g) + HN03 (i) + H20 (i) + 3HN03 (i) .

Total nitrous acid in concentrations up to 1 kgomol m- 3 in

water was prepared for the decomposition experiments by a variety of

methods: (1) the decomposition of recrystallized AgN02 in a slight

difficiency of Hel, (2) the absorption and subsequent reaction of gaseous

NO and liquid HN03, (3) the absorption and subsequent reaction of gaseous

N0i and liquid H20, and (4) the passing of fumes from arsenious oxide

and nitric acid through liquid H20. These experiments were conducted in

a quiescent environment with continuous replacement of the inert atmos-

phere. The temperature was varied from 284 to 304 K. The decomposition

with respect to HNOzwas second order, doubling for every 20-degree

temperature increase, and was inversely proportional to the concentration

of liquid HN03.

From the work of Valey, Reaction (288),

2NO (g) + HN03 + H20 # 3HN02 ,

appears to be reversible with a ratio of steady-state HN03:HN02 of 9:1.

This reversibility appeared, however, to be true only with HN03 concen-

trations less than 506 kgomol -3m .

The equilibrium reaction (288) was later investigated by Sapozhnikova

(1900) using laboratory glassware at 291 K and essentially atmospheric
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pressure. The equilibrium was approached by decomposing liquid HNO~

with initial concentrations of 0.1 to 0.6 kg-mol m- 3 in a gaseous NO

atmosphere. The HNO~ was prepared by acidifying nitrite salts and

dissolving N203 in H20. Agitation decreased the time required to reach

equilibrium from 275 to 4 h. The decomposition reaction was followed

by measuring the pressure of NO and appeared to be second order with

respect to HNOi. Sapozhnikova defined an equilibrium constant as:

CH+CN03C~O

C~02
(51)

He was able to reach an order of magnitude agreement in K28 with these

tests.

Sapozhnikova (1901) then approached the equilibrium by the absorp

tion and reaction of gaseous NO and liquid HN03' These experiments were

conducted at 298 K with initial HN03 concentrations of 0.05 to 3.0

kg-mol m- 3. The experiment was again conducted in an atmosphere of NO

at essentially ambient pressure; the reaction was followed by measuring

the experimental pressure. A vibrated gas-liquid contactor was used as

a reactor. Some HN0i was initially introduced into the liquid by dis

solving N203 in H20. Sapozhnikova reported difficulty in producing pure

N203 due to the dissociation equilibrium:

(52)

At equilibrium, the color of the solution was related to the specific

gravity of nitric acid: blue, 1.2; blue-green, 1.275; green, 1.375;
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dark green, 1.4; reddish brown, 1.5. His equilibrium constant, K2S,

varied regularly from 232 to 88 for a final HN02 concentration of 0.02813

to 2.81 kg'mol m- 3 respectively.

Trautz (1904) studied the decomposition of liquid HN0i because of

its effect on the lead-chamber process for the production of sulfuric

acid. The production of H2S04 is limited by the decomposition of liquid

HNOz. Initial concentrations of HNOi of 0.08 to 0.021 kg'mol m- 3 were

decomposed in a glass apparatus with a nitrogen sparge of the solution

at 298 K. The sparge was used after observing the unagitated reaction

to be slow. From these experiments, Trautz concluded that Reaction (28f)

occurs very fast and is limited by the escape of NO from solution.

Trautz also describes a near fatal accident involving the breathing

of N02 fumes. His physical ordeal, following this exposure, is recounted

in graphic detail. This experience left him with permanent emphysema

and sensitivity to NO~. A remedy that proved effective in eliminating

his physical discomfort following this experience was "inhalation and

the drinking of very strong alcoholic beverages."

Lewis and Edgar (1911) studied equilibrium Reaction (28B) at 298 K

in laboratory glassware. The equilibrium was approached from the HN03

side. Pure gaseous NO was bubbled through initially 0.1 kg'mol m- 3

mixtures of HN03. The reaction was followed by measuring the electro

conductivity of the mixture. The reaction velocity increased proportional

to the gas rate. The reaction was presumed to be autocatalytic because

the maximum reaction velocity was not reached until several hours after

the beginning of the experiment. The equilibrium constant,
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(53)

was found to be 0.0267 corrected to a partial pressure of NO equal to 1.0.

The author has been unable, thus far, to secure a copy of the

dissertation of H. Liebmann, Dresden (1914). In view of its apparent

importance, a quote is inserted from a review of this work by Abel and

Schmid (1928a): "H. Liebmann ... conducted some research of the kinetics

of nitrous acid, which, in spite of numerous investigations, still posed

a number of questions. Liebmann ... paid particular attention to the

influence of the inducted flow of nitrogen on (the decomposition of

HN02)' The decomposition itself, he states, stops being trimolecular in

flowing gases, the reaction decreases during its occurrence, beginning

between a molecula~ity of 2 and 3 and decreases to bimolecularity and

then to monomolecularity ... Liebmann attempts to explain the mechanism

of this process by the assumption of two tautomer forms of nitrous

acid."

Ray, Dey, and Ghosh (1917) studied the qecomposition of liquid HN02

in unagitated laboratory glassware at 273, 294, and 313 K. The initial

HN02 concentration was 0.032 kg-mol m- 3, and the atmosphere of the

experiment was air. The decomposition reaction was first order with

rate constants of 1.4 x 10-4 , 2.2 x 10- 4 , and 5.7 x 10- 4 s-l respectively.

Knox and Reid (1919) provide a substantial study of the decomposi

tion of liquid HN02 in laboratory glassware at ambient pressure under an

atmosphere of air. Variables in the study were temperature, 273 to 323 K;

HN0i concentration, 0.05 to 2.51 kg-mol m- 3; HN03 concentration, a to
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7.25 kg'mol m- 3; surface area, agitation, and C02 vs air sparging. The

base experimental conditions were temperature, 293 K; CHNO* (initial),
2

0.05 kg'mol m- 3; and CHN03 (initial), O. The decomposition rate

increased with agitation and surface area as shown in Figure 3. The

decomposition rate also increased with temperature. No HN03 was present

initially in these runs. The order of the reaction appeared to be

second order with respect to HN0i at HNOg concentrations of 0.05 kg'mol m- 3

and temperatures from 273 to 323 K. Variation in the initial HNOg con-

centration had little overall effect on the decomposition rate. However,

the extent of the reaction in the first 5 min of the experiment increased

with increasing HNOg concentration. A comparison of air vs C02 sparged

experiments reveals a higher rate constant for the air case; however,

the reaction order remained approximately second order. The overall

reaction describing these experiments is represented by Equation (28f).

The decomposition of aqueous HN02 was next studied by Klemenc and

Pollak (1922) at atmospheric pressure and temperatures of 273 to 303 K

in a glass flask sparged with N2" Total nitrous acid concentrations of

0.05 to 0.23 kg'mol m- g were prepared by adding acid to aqueous solutions

of NaN02" Rate constants were based on undissociated HN02"

At 288 K, studies were conducted using HN02 prepared by the addition

of CHgCOOH to aqueous NaN02' With excess NaN02, the rate constant

increased with increasing hydrogen ion activity. The rate constant in

these experiments is also found to increase with the concentration of

undissociated HN02 and temperature, doubling approximately every IS

degrees. The rate constant was found to be proportional to the 2/3
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power of the gas velocity. The order of the reaction was difficult to

determine at low-gas sparge rates (somewhere between first and third

order) but definitely approached first order at higher gas flow rates.

In some experiments involving H2S04 and HN03 as the strong acid,

the reaction rate constant increased with increasing acid strength from

0.1 to 3 kg'mol m- 3. Other experiments involving mineral acids showed

that the rate constant decreased with increased partial pressures of NO

in the sparge gas.

The decomposition reaction sequence was assumed to be:

and

HN02 (t) ~ NO (t) + OH (t) ,

NO (t) ~ NO (g) .

(54)

(18B)

The rate of Reaction (54) was assumed to be limited by the escape of NO

from solution.

The decomposition of aqueous HN02 was later studied by Taylor,

Wignall, and Cowley (1927) at atmospheric pressure and temperatures of

273 and 298 K. The initial concentration of HN02 was 1 kg-mol m- 3

prepared by adding Ba(N02)2 to aqueous H2S04' The reaction was studied

in a stirred device under a layer of "medicinal paraffin." They

reported that HN02 was stabilized with increased H2S04 concentrations up

to 7 kg-mol m- 3. The reaction was observed to proceed very fast at

first, and then to proceed as a first-order reaction to a pseudo-stable

HN02 concentration. These concentrations were 0.4 and 0.2 kg-mol m- 3

at 273 and 298 K respectively. The overall reaction was consistent with

Equation (28) and the following equilibrium reactions were postulated:
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and

N203 (~) ~ NO (t) + N02 (~)

(26B)

(55)

Abel and Schmid (1928a, 1928b, 1928c, and 1929), Abel, Schmid, and

Babad (1928 and 1929), and Abel, Schmid, and Roemer (1930) performed a

remarkable series of experiments on the formation and decomposition of

aqueous nitrous acid in an atmosphere of gaseous NO. They succeeded in

establishing both the equilibrium constant and the forward and backward

rate constants for Reaction (28) in an NO atmosphere. These equilibrium

and rate constants have widespread acceptance among those knowledgeable

in NO -HNO chemistry.x x

In Part I of the "Kinetics of Nitrous Acid," Abel and Schmid (1928a)

provide a literature search and develop the theoretical concepts that

further distinguish this work. The decomposition reaction sequence is

as follows:

and

+ -N204 (~) + H20 (t) + HN02 (t) + H (t) + N03 (~) ,

where Reaction (57) is the rate controlling step. The formation

reactions are

N204 (~) + 2NO (t) + 2H20 (~) + 4HN02 (~) ,

and

HN02 (~) + H+ (~) + NO; (t) + N204 (t) + H20 (t) ,

(56)

(57)

(58)

(59)



43

where Reaction (59) is the rate limiting step. The overall equilibrium

is generally expressed as:

+3HN02 (£) ~ H (£) + NO; (£) + 2NO (g) + H20 (£) . (60)

The general differential equation, based on the HN02 concentration, can

be written as:

= ± k- 6 0 (61)

In "Kinetics of Nitrous Acid," Part II, Abel and Schmid (1928b)

conduct their orienting experiments. They recognized in the beginning

that the removal of NO from solution could control the decomposition

reaction.

The decomposition of aqueous HN02 was first investigated with a

quiescent and a stirred liquid in an N2 atmosphere. The following salt

acid combinations were used to generate HN02 in this and subsequent

experiments: NaN02 + HN03, NaN02 + HN04, and Ba(N02)2 + H2S04' The

results were obscured by an apparent oversaturation of NO in the

liquid phase.

When NO was introduced into the sparge gas, the decomposition rate

velocity was noted to be a function of the sparge gas velocity.

A gas-liquid contactor agitated by vibration proved to be effective

in maintaining equilibrium between the gas and liquid phases for this

system. There was a noticeable increase in the decomposition rate of

HN02 for NO partial pressures of 0.3 atm versus the case when the NO

partial pressure was 0.5 atm, and the orienting experiments were concluded.
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In the "Kinetics of Nitrous Acid," Part III, Abel and Schmid (1928c)

studied the decomposition reaction at 298 K and atmospheric pressure.

The HN02 concentration varied between 0.025 to 0.100 kg-mol m- 3, the

hydrogen ion concentration varied from 0 to 0.08 kg-mol m- 3 , and the

ionic strength was varied from 0 to 3.0 kg-ion m- 3 • The reaction

sequence was assumed to be as presented in Equations (56) and (57). The

rate constants are given in Table 5 and are consistent with the following

equation:

--- = k_ 6 0
dt

(62)

The rate constant k-60 increased linearily with the ionic strength as:

k_ 60 = (0.77 + 0.18 I) m9 kg-mol- 3 s-l atm- 2 • (63)

Abel credits this increase to a decrease in the solubility of gaseous NO.

In "The Decomposition of Nitrous Acid," Part IV, Abel, Schmid, and

Babad (1928) investigated the formation of nitrous acid at 298 K and 0.5

and 1.0 atm pressures. The HN02 concentration was approximately 0.01

kg-mol m- 3 , the hydrogen ion concentration varied up to 0.25 kg-mol m- 3 ,.

and the ionic strength was varied from a to 1.1 kg-mol m- 3 • The

reaction sequence was assumed to be as presented in Equations (56)

and (57). The rate constant is given in Table 5 and is consistent with

the following equation:

dC
HN02
dt = k60 CHN02 CH+ CNO; (64)



T
ab

le
5

.
E

x
p

er
im

en
ta

ll
y

d
et

er
m

in
ed

v
al

u
es

o
f

co
n

st
an

ts
k 6

0
,

k_
6
0

,
an

d
K 6

0
a
t

v
ar

io
u

s
te

m
p

er
at

u
re

s
an

d
ze

ro
io

n
ic

st
re

n
g

th

T
em

pe
ra

tu
re

(K
)

R
ea

ct
io

n
ra

te
co

n
st

an
t

27
3

28
3

28
5.

5
28

8
29

3
29

8
30

3
3

1
3

33
3

k_
6

0
(

m9
at

m
2

)
kg

·m
o1

3
s

0
.0

1
0a

0.
06

0S
a

0
.3

6
5

a
0

.7
6

7
b

1
.9

8
a

8.
7S

a
85

.S
a

(

m
6

)
k

6
0

kg
.m

o1
2

s
o.

on
a

0
.0

2
7

C

~ V
I

(
m

3
at

m
2

)
d

K
60

kg
.m

o1
1

3
.3

1
4

.1
a

2
8

.7
e

a E
.

A
be

l,
H

.
S

ch
m

id
,

an
d

E
.

R
om

m
er

,
Z

.
P

hy
si

k.
Ch

er
n.

14
8:

33
7

(1
9

3
0

).

bE
.

A
be

l,
an

d
H

.
S

ch
m

id
,

Z.
P

hy
si

k
Ch

er
n.

13
4:

27
9

(1
92

8)
.

cE
o

A
be

l,
H

.
S

ch
m

id
,

an
d

S
.

B
ab

ad
,

Z
.

P
hy

si
k.

Ch
er

n.
13

6:
13

5
(1

9
2

8
).

d
A

.
K

e1
m

en
c

an
d

E
.

H
ay

ek
,

Z.
A

no
rg

.
U.

AZ
Zg

em
.

C
h.

18
6:

18
1

(1
9

3
0

).

e E
.

A
be

l
an

d
H

.
S

ch
m

id
,

Z.
P

hy
si

k.
Ch

er
n.

13
6:

43
0

(1
9

2
9

).

3
9

.6
d



46

This constant decreased from 0.027 to 0.013 mG kg emol- 2 s-l as the ionic

strength increased from 0 to 1.1 kgeion m- 3 • The rate equation expresses

the autocatalytic nature of the reaction. The pressure of NO had no

effect on the reaction as long as it is present in sufficient quantity

for the reaction to proceede

In the "Kinetics of Nitrous Acid," Part VI, Abel and Schmid (1929)

calculate an equilibrium constant for Reaction (60), assuming superposi-

tion of the two rate constants involved, that is,

k60 CH+ CNOs P~o
K = --=a,60

L60 C~02
(65)

The relationship of the rate coefficients to the ionic strength dis-

appears with the appropriate activity coefficients,

K~O =
~+ aNO; P~o

3a
HNOz

(66)

Their data are presented in Table 5. The activity coefficients for

HN03 were those determined by Abel, Redlich, and Lengyel (1928).

Activity coefficients for HN02 were calculated but were essentially

unity. At zero ionic strength, K60 = 29.0 m3 kg emol- 1 atm- 2 at 298 K

as compared with 31 predicted earlier by Lewis and Randall (1923).

The effect of temperature on the decomposition of aqueous HN02

was investigated in an NO atmosphere at temperatures from 273 to 333 K

at very low hydrogen ion concentrations and ionic strengths up to
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4 kg-ion m- 3 by Abel, Schmid, and Roemer (1930). The formation reaction

of aqueous HNOz was investigated at 288 K, and an equilibrium constant

was calculated. The procedure was as presented previously. The results

of these and other experiments are presented in Table 5. The decomposi-

tion reaction varied with temperature and ionic strength as:

6250
--+

T 24.43 + 0.078 I . (67)

The following equation expresses the activity coefficient of HNOz:

(68)

The values for the heats of reaction of the formation and equilibrium

were 21.2 x 10 3 kcal kg-mol- I and 11.9 x 10 3 kcal kg-mol- I .

The vapor pressure of nitrous acid above its aqueous solutions

was studied at 298 K by Abel and Neusser (1929) in an NO atmosphere.

A value of 0.0352 m3 atm kg-mol was found at an ionic strength of 1.4

kg-ion m- 3 • In terms of the activity of HNOz, the Henry's Law

coefficient was found to be 0.0305 m3 atm kg·mol- I and increased slightly

with ionic strength.

Lang and Aunis (1951a) studied the depletion of aqueous HNOz at

298 K in open beakers. Some experiments were conducted using a

stirrer. Aqueous HNOi solutions of 0.001 to 0.1 kg·mol m- 3 were prepared

by the acidification of NaNOz. Hydrogen ion concentrations were varied

up to 5 and 2 kg-mol m- 3 for HNOi concentrations of 0.001 and 0.1

kg.mol m- 3.
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For experiments involving no agitation, the reproducibility was

poor. Liquid analysis varied with the depth of the liquid. The

decomposition rate was interpreted as being first order, and the rate

constant was proportional to the surface area as:

CHNO* °2'

where

-kt= a e (69)

and

k = k'a ,

k' = a first-order rate constant,

a = interfacial area,

although the second-order analysis was probably equally valid with

their data.

For the agitated case, the depletion was first order at least for

high agitation rates. The rate increased with agitation and the con-

centration of aqueous HN02' The depletion rate increased with pH up to

0.01 kg-mol m- 3 for various acids after which pH had little effect. The

type of acid used to acidify the NaN02, HCl, H2S04' or HN03 had no

effect on the reaction rates. The ratio, R*, varied from -0.14 to

-0.44, generally decreasing with the increased concentration of HN02 and

increasing with increased agitation.

Lang and Aunis (19Slb) later studied the decomposition of aqueous

HN0i at 298 K with a constant agitation of 500 rpm. The shapes of the

vessels were varied; the degree to which the vessels were open to the



49

atmosphere was varied; and additionally, gas streams were introduced at

the bottom of the liquid and just above its surface.

The removal rate of HNO; without a gas stream and for 0.1 kg'mol m- 3

was measured in open and closed atmospheres. The decomposition rate for

the open vessels was first order and insensitive to the vessel height.

The value for R* in these tests was -0.33. For the tests with the

closed vessels, the rate was much slower and appeared to be displaced

from first toward second order. The value of R* for the closed tests

was -0.775. For some tests with 0.01 kg-mol m~3 solutions of HN0i, the

respective rates were lower; R* is higher for both open and closed

atmospheres. However, the gross observations were as noted previously

for the tests with 0.1 kg-mol m- 3 HN0i.

When a gas stream is introduced in the bottom of the liquid for the

open vessel, nitrogen and air give similar values of k' [as used in

Equation (69)] for the open vessel and for 0.1 kg-mol m- 3 HNOz. However,

the values of R* vary greatly, being substantially lower for air.

Oxygen considerably increases k' and gives very low R* values. The rate

appeared to be first order for all of these cases.

When a gas stream is introduced in the bottom of the liquid and is

held up over the solution, there is little difference in the rate of

HN0i disappearance for air or Nz for solutions of 0.1 kg-mol m- 3 HN0i.

However, at high gas rates the HNOi disappearance rate in air approaches

that in Oz.

In general, for open or semi-open vessels, increasing the sparge

gas rate has a similar effect to increasing the agitation rate - the

rate of disappearance of HN0i is increased and R* increases.
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When a gas stream is introduced a little above the liquid surface

of a 0.1 kg·mol m- 3 solution of HN02, the stream accelerates the disappear

ance of HN02 although less than when the gas is introduced as a sparge

of the liquid. The quantity R* is larger than for a similar gas flow

bubbling through the liquid.

Because of the rate increases as oxygen is bubbled through the

solution rather than air and the fact that in open vessels the sparge of

air produces a similar rate of HN02 removal to N2 at the same rate,

oxidation in the liquid phase is considered to be significant only when

near pure 02 exists in the gas phase.

The depletion of aqueous HNO~ was studied further by Komuro (1953).

Komuro studied aqueous HN02 depletion at temperatures of 293 to 308 K at

ambient pressure in a I-liter bottle. Agitation was provided by stirring.

The concentration of HNO~ in these studies was approximately 0.05

kg-mol m- 3, prepared by the acidification of NaN02 with HN03. The

concentration of HN03 was varied from a to 6 kg·mol m- 3•

At 298 K, the first-order rate constant divided by the interfacial

area was approximately 2.3 x 10- 2 m- 2 s-l, measured at the HNOi concentra

tion of 0.01 to 0.05 kg·mol m- 3 and an HN03 concentration of 1.0 kg·mol m- 3.

The activation energy was found to be 5.98 x 10 3 kcal kg·mol- 1 • The rate

constant was found to be proportional to the first order of the undis-

associated HN02 concentration controlled by the equilibrium:

+ +
HN02 + H ~ H20 + NO , K = 0.4 .

The rate constant increased with acid strength up to about

(70)

1 kg·mol -3m , remaining essentially constant for higher acid strengths.
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Komuro attributed the HN02 disappearance from solution to the physical

desorption of HN02 given by Reaction (19b):

HN02 (~) + HN02 (g) .

Suzawa, Hondo, Manabe, and Hinokiyama (1955) investigated the

removal of aqueous HN02 at temperatures of 273 to 313 K in a stirred

laboratory reactor under a H2 atmosphere at ambient pressure. Aqueous

HN02 at 0.1 and 0.01 kg-mol m- 3 was prepared by the addition of Hel to

NaN02 solutions. The pH of the solution was varied from 0 to 2. Reactor

vessels having cross-sectional areas 50.2 and 132.7 cm2 were used. The

stirrer speed was varied from 100 to 500 rpm.

The disappearance of HN02 from the solution was interpreted as

first order, although the rate constants increased slightly with HN02

concentration. The rate constant for the removal of HN02 from solution

(with no gas sparge) at 273 K was approximately 6.33 x 102 m- 2 s-l at

a stirrer speed of 200 rpm. The removal rate constant increased linearly

with the stirrer speed.

The rate constant increased with pH; the log of the rate constant

and pH were in linear agreement. Below 283 K, the ratio of the moles

of NO produced to the moles of HN02 disappearing, R**, was -0.5; above

283 K this ratio was -0.67. The chloride ion had no apparent effect on

the measured HN02 disappearance rates.

The experimenters view the limiting physical phenomena in these

experiments as the diffusion of HN02 through the liquid film.

Andrews and Hanson (1961) observed the presence of aqueous HN02 in

an important series involving experiments of NO absorption in a single
x

sieve plate column. In these studies, conducted at 298 K and atmospheric
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pressure, the liquid was recirculated through the column until steady-

state was established. These researchers developed rate equations from

basic diffusional, kinetic, and equilibrium constants that are in good

agreement with the measured NO absorption efficiency of their sieve
x

tray.

The mechanism describing the depletion of HN02 from the liquid

phase was related to the absorbing NOz partial pressure in the gas

phase, and hence the concentration of HN02 in the liquid phase. For gas

phase NO* concentrations of less than 5.0 x 10- 4 kg-mol m- 3, the pre-

dominate mechanism was the kinetics of HN02 decomposition, as indicated

previously by Abel and co-workers, and the rate of NO diffusion indicated

by:

(71)

By neglecting the concentration of NO at the gas-liquid interface, the

following desorption rate may be derived from Equation (71):

(72)

This decomposition reaction sequence for HN02, as described earlier by

Abel and co-workers, was found to be in the slow reaction regime as

defined by Shah and Sharma (1976).

In a series of experiments very similar to those performed by Abel

and his associates, Usabil1aga (1962) studied the decomposition of

aqueous HN02 at temperatures of 273, 283, 298, and 313 K. The initial
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concentrations of HN02 for the decomposition and formation studies were

0.05 to 0.21 and 0.01 to 0.04 kg-mol m- 3 respectively. The HN03 concen-

tration was varied from 0.5 to 4.5 kg-mol m- 3. These experiments were

conducted essentially at ambient pressure using a stirred batch reactor

and a gaseous NO atmosphere. The variation in the pressure over the

reaction was followed in order to monitor the reaction progress.

Usabi11aga found an additional second-order decomposition reaction to

the kinetics of Abel and his associates:

(73)

and

His differential equation for the formation and decomposition is

(74f)

dC
HN02

dt
(75)

His data are given in Table 6. Note, howev~r, that Kso is computed

using kso and k_ 6o. A comparison with Abel's data from Table 5 shows no

real surprises.

Schmid and Baehr (1964) studied Reaction (28b) at temperatures of

273 to 298 K in HN03 concentrations up to 5 kg-mol m- 3. Dilute HN02

concentrations were generated by injecting NaN02 into the HN03 solution.

The reaction was studied in a stirred and vibrated reactor under NO

atmospheres of 0.5 and 1 atm.
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Table 6. Experimentally determined values of constants
k_ 60 , k~60' k60, and K60 at various temperatures

Temperature (K)

Reaction constants

(
m9 atm2 )k_ 60

kg-mo1 3 s

k I (m
3

atm )
-60 kg-mol s

k60 ( m
6

)
kg-mo1 2 s

a (m
3

atm
2

)
K60 kg-mol

273

0.00577

0.00012

0.00128

4.53

283

0.0505

0.00032

0.00393

12.8

298

0.520

0.00083

0.0193

26.9

313

50.52

0.0025

0.0662

100.0

Source: A. Usabi11aga, Kinetics of Nitrous Acid Formation and Decompo
sition, Dissertation, University of Illinois (1962).
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No deviation from the Abel and Schmid kinetics was found. At

293 K, the rate constant, k_60' is approximately 0.0168 m6 kg'mol- Z s-l

up to 1 kg'mol m- 3 HN03. This rate constant increases markedly with

increased HN03 concentrations.

The decomposition of aqueous HNOz was subsequently studied by

Safin, Makhotkin, and Galeev (1970) at 298 K and ambient pressure.

These studies were carried out in an agitated batch reactor and a film

column. Aqueous HN02 was prepared by the dissolution of Nz04 in H20.

Studies in the batch reactor with no agitation indicated that the

decomposition rate of aqueous nitrous acid is proportional to the sur

face area and increases with increased liquid volume. Subsequent experi

ments with the agitated reactor and initial concentrations of HNO; and

HN03 at 0.02 kg'mol m- 3 indicated that as the partial pressure of NO was

increased, the disappearance of HNO~ continued with no generation of

HN03 in the liquid. This again brings up the possibility of physical

desorption of HN02'

Studies with the film column and HNO~ concentrations of 0.1 to

0.15 kg'mol m- 3 and similar concentrations of HN03 yield no clear conclu-

sions.

The researchers do have some theoretical insight into the described

phenomena that appears to be noteworthy. The decomposition of HNOz in

the liquid phase and the desorption of HN02 are two mutually connected

processes, determining the kinetics of the HN02 loss from aqueous

solutions. They define the term:

~ = 8

k_ 60 C~N02

H~O c~o VHN02

(76)
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The quantity ~z is the relation between the rate of chemical conversion

in the liquid film and the rate of molecular diffusion of the reacting

specie. When ~ « 1, the disappearance of HNOz occurs primarily as the

result of physical desorption of HNOz. When ~ » 1, the reduction of

HNOz is primarily due to the decomposition reaction in the liquid phase.

The following mass transfer equation is said to describe the loss of

HNOZ in the film column:

(77)

provided ~ » 1.

The depletion of aqueous HNOz was further studied by Kobayashi,

Takezawa, Hara, Nikki, and Kitano (1976) at temperatures of 273 to 295 K

with a quiescent and agitated (vibrated) liquid phase. Aqueous HNOz

concentrations of 0.004 to 0.04 kg'mol m- 3 were generated by the

acidification of NaNOz with HN03' Both the liquid phase and gas phase

were analyzed. These experiments were conducted under a flowing Nz

atmosphere.

Studies were first conducted with a quiescent liquid phase. The

nitrogen cover gas flow rate has no effect on the decomposition reaction.

The reaction velocity in this series of experiments was found to be

independent of the liquid volume, but is reported to be proportional to

the surface area. The reaction was approximately first order with

respect to the HNOz concentration. The reaction rate increased slightly

with ionic strength and was independent of the H+ concentration below

0.1 kg'mol -3m . The gaseous reaction product ratio of NO to NOz was

unity. The following overall reaction describes the observed phenomena:
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2HNOZ (£) + NO (g) + NOZ (g) + HZO (£) . (78)

In experiments involving vibration of the liquid phase, the reaction

velocity was 10 times that observed for the quiescent condition. The

reaction velocity was independent of the Nz flow rate, and the ratio of

gaseous NO:NOz produced from the disappearance of aqueous HNOz was

greater than unity. The reaction order of these experiments decreased

from 1.35 to 1.23 as the temperature increased from 273 to 295 K. No

effect of the H+ concentration was observed below 0.1 kg'mo1 m- 3; however,

a slight increase in the reaction velocity was noted for increasing

ionic strength. The reaction sequence in this phenomena was thought to

be:

HNOZ (£) + HNOz (i) ,

and

NZ03 (g) ~ NO (g) + NOz (g) .

The following rate equations correlated well with the data:

(79)

(80)

(81)

(2B)

(77)

although some compensation was required for the reverse reaction of Nz03

and water at the gas-liquid interface.
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In experiments primarily focused on determining the effect of HNOz

on the absorption of N0i, Makhotkin and Shamsutdinov (1976) made some

relevant observations on the formation and decomposition of aqueous

HNOz. These studies were conducted at 293 K in a sparged batch reactor

and in a film column. The studies using the sparged batch reactor were

previously described.

In studies involving the decomposition of aqueous HNOi in a film

column, both gaseous NO and NOz are produced probably indicating the

desorption of some HNOz or Nz0 3• However, substantially more NO than

NOz is present in the effluent gas.

The oxidation of aqueous HNOz was investigated by Pogrebnaya, Usov,

and Baranov (1976) at 298 K in a stirred batch reactor in 0z at pressures

up to 50 atm. The concentration of HNO~ was 0.005 kg-mol m- 3 generated

by the acidification of NaNOz. The pH was varied between 2.9 to 4.0.

The reaction is represented by:

(82)

and of the form,

(83)

The variation in the reaction rate with pH could be explained by making

the concentration of HNOz to be the non-ionized HNOz as:

(84)

The rate constant, kS2 ' was found to be (0.58

The value of the equilibrium constant for
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(85)

was found to be (7.31 ± 0.1) x 10-4 kgomol m- 3 at 298 K by a potentiometic

titration procedureo

Komiyama and Inoue (1978) used two different gas-liquid contactors

in their study of the depletion of HN02 from aqueous solutions. These

studies were conducted at ambient pressure and temperatures of 288 and

298 K, using a bubbling contactor and a stirred flat surface contactor.

These studies were conducted in a helium atmosphere with HN02 in concentra-

tions of 0.004 to 0.2 kgomol m- 3 prepared by adding H2S04 to a NaN02

solution. Both the gas and liquid phases were analyzed.

Using the bubbling contactor, kLa was varied from 0.003 to 0.25 s-l

by varying the gas rate and the method of introduction. The experimental

results were found to agree with the following equation:

r = -k'(k a)2/3 C4/ 3
HN02 L HN02

At 288 and 298 K, the values of k' were 1.45 x 10- 2 and 2.39 x 10- 2

kg omol- l / 3 s-1/3 mI. Because the evolution of gaseous NO in these

experiments was about two-thirds of the depletion rate of HN02, the

overall stoichiometry, as expressed in Reaction (28), is valid. The

(86)

following assumptions were used to develop a model for the depletion of

HN02 in the bubbling contactor data:

1. Desorption of components other than NO may be neglected.

2. The transport of NO in the liquid phase is given by:

(87)
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3. The following equilibria are set up in the bulk liquid:

2HNOZ (£) ~ NO (£) + NOz (£) + HzO (£) ,

NZ0 4 (£) + HzO (£) + HNOZ (£) + HN03 (£) ,

~d

NO (£) + NOZ (£) ~ NZ03 (£) .

4. The process is at steady state.

With assumptions 1, 2, and 4, the depletion of HNOz may be

expressed as:

~d

Utilizing KS7 and KSB yields:

(88)

(89)

(25f)

(90)

(91)

(92)

(93)

a rate equation very similar to that obtained by Abel and Schmid and

Andrews and Hanson. Combining Equations (92) and (93) and assuming

CNO to be negligible yields:

(94)
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Substituting Equation (93) into (94) yields:

r = _(3/2)2/3 (k K2 K )1/3 (k a)2/3 C4/ 3
HN02 2sf 88 89 L HN02

(95)

an equation very similar to that obtained by Abel and Schmid (1928a).

A comparison of combined constant of (k2S f K~8 K89) with that derived

from Abel and Schmid's work is fairly close at 298 K.

The flat surface contactor was equipped with a cone in the center

of the liquid surface to keep it flat. The gas and liquid phases were

independently agitated. The liquid-phase mass-transfer coefficient,

ranging from 4.23 to 5.17 x 10-4 s-1, was reported to be almost

independent of the agitation speed in both phases. The gas-phase

coefficient, as reported, was not dependent on the gaseous flow rate but

rather on the agitation rate. The depletion rate was found to be a

function of a, where a is defined as

(96)

The ratio of nitric acid produced to nitrous acid depletion decreased as

a was increased, indicating some change from the overall stoichiometry

of Equation (28). The overall depletion rate of aqueous HN02 for the

flat-surface contactor data required additional mechanisms to the

simultaneous hydration of N204 and evolution of NO as proposed earlier.

These additional mechanisms are the desorption of nitrous acid molecules

and the decomposition of HN02 into NO and N02 in the vicinity of the

gas-liquid interface.
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The decomposition of HN02 into NO and N02 was expressed in Equation

(88). Values of the forward and reverse rate constants were determined

to be as follows:

Temperature (K)

k88 (m 3 kgemol-1 s-l)

k- 88 (m 3 kgemol-1 s-l)

288

45.6

6.9 x 107

298

136

1.12 x 10 8

Values of a ranged from 1 to 350. For low values of a, the depletion of

HN02 was shown to be due to the simultaneous hydration of N204 and

desorption of NO; for an intermediate a, all three mechanisms apply, and

for high a, the depletion is due to the desorption of HN02'

The Ionization and Dehydration of Aqueous HN02' Calculations at

298 K were made for the ionization of nitrous acid,

+HN02 (£) + H (£) ~N02 (£) ,

and the dehydration of nitrous acid,

(97)

(26B)

by Turney and Wright (1958). The values of Kg7 and K26B were found to

be 7 x 10- 5 and 9 x 10- 3 respectively.

Bunton and Stedman (1968), experimentally investigated the dehydra

tion of nitrous acid in perchloric acid at 298 K. Their value of the

concentration equilibrium constant,
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are given below for various molarities:

(98)

4.2

0.057

5.1

0.19

6.1

0.49

6.75

0.56

7.2

0.29

7.6

0.36

Turney (1960) later calculated the activity equilibrium constant for

this data to average 0.19.

The dehydration of nitrous acid was also investigated by Turney

(1960) in perchloric acid at 298 K. The values of the activity constant,

K was determined experimentally to be 0.20 m3 kg-mol- I .
a,26B

The activity coefficient of HN02 and the equilibrium constant of

N203 formation were experimentally determined by Schmid and Kremayr

(1966) at 293 K for the dehydration of nitrous acid. The activity

equilibrium constant was found to be 16 m3 kg-mol- I . This constant can

be used at 298 K because of the effect of temperature for this case

being smaller than the average error in arriving at the equilibrium

constant. The activity coefficient of nitrous acid, valid for tempera-

tures of 273 to 333 K and ion concentrations up to 12 kg-ions m- 3 , is:

= 1 + 0.067 I . (99)

The concentration equilibrium constant,

KS 5 = (100)
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was determined spectrophotometrically by Ho (1977) at unit ionic

strength at temperatures of 288, 298, and 308 K for aqueous HNOz. The

values were (0.94 ± 0.02) x 10- 3 , (1.02 ± 0.02) x 10- 3 , and (1.11 ±

0.04) x 10- 3 kg·mol m- 3 respectively. The ~ and ~S for the dissocia

tion at 298 K were found to be 1.47 x 10 3 kcal kg·mol- 1 and -8.8 x

10 3 kcal kg·mol- 1 respectively.

Further discussion of material presented in this section may be

found in a recent review by Stedman (1979).

2. Studies with Prototype and Full-Scale NOx Scrubbing Equipment

Early NO scrubbing studies were directed toward increasing thex

efficiency of nitric acid production columns that were associated with

the production of nitric acid by the "oxidation of ammonia process"

(Chilton, 1960). These columns, usually with bubble-cap plates, were

designed with equilibrium and emperical "information on the reaction of

NOZ and water, Reaction (29),

3NOZ (g) + HzO (t) ~ 2HN03 (t) + NO (g) ,

and kinetic information on the oxidation of NO, Reaction (5),

2NO (g) + Oz (g) + 2NOz (g) .

The most familiar of the modern nitric acid production columns is a 30-

to 50-plate water-cooled bubble-cap tower, 18 to 40 m tall, with

diameters of 1.5 to 4 m (Hoftzyer and Kwanten, 1972). These towers

operate at pressures of 5 to 8 atm and at temperatures determined by

available cooling water. The feed and tail gases of such a unit have
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NO concentrations of about 9.3 and 0.5 to 0.1 vol %, respectively; the
x

product stream is usually 58 to 70% HN03' Nitric acid production towers

have undergone a sixty year optimization process; however, because the

design basis for these pieces of equipment incorporates a great deal of

empirical information, extrapolation to different NO scrubbing tasks
x

has been extremely difficult.

In the mid 1950s, the analysis of NO scrubbing studies in prototypex

equipment began to incorporate developments in the understanding of NOx

HNO -H20 chemistry (Peters et al., 1955); in the early 1960s, efficienciesx

for NOz removal were successfully predicted (Andrews and Hanson, 1961)

using the developing theory of gas absorption accompanied with chemical

reaction (Astarita, 1967; Danckwerts, 1970). Application of the theories

of absorption accompanied by chemical reaction and a detailed knowledge

of system chemistry seem to be the most promising route toward a greater

understanding of nitrogen oxide scrubbing operations.

An industrial-scale bubble-cap column was used by Fauser (1928) to

measure the effects of temperature and pressure on NOz absorption. He

found that absorption rates increase with decreasing operating tempera-

tures (288 to 259 K) and with increasing operating pressures (up to

5 atm).

Taylor, Chilton, and Handforth (1931) studied the effects of

temperature and pressure on NO absorption in a pilot-plant-scale
x

bubble-cap column. They also found that column efficiency could be

increased by reducing the operating temperature or by increasing the

operating pressure. The column performance was accurately predicted

using Bodenstein's data for the oxidation of NO and existing equilibrium



66

Peters, Ross, and Klein (1955) studied N0i absorption in a single

plate 0.19-m-ID bubble-cap column equipped with seven bubble caps. The

experiment was conducted at acid concentrations of 0 and 2.6 kg-mol m- 3

and NOz partial pressures up to 0.10 atm. Runs were made at liquid flow

rates of 5.0 x 10- 6 and 10.0 x 10- 6 m3 s-l and gas rates of 5.71 x 10- 4

and 1.14 x 10- 3 m3 s-l, All runs were conducted at atmospheric pressure

and at temperatures from 292 to 297 K. No significant difference in the

results was noted from the use of nitrogen or air as the diluent gas.

These investigators assumed that overall Reaction (29) applied for the

hydrolysis of NZ04 and that a model developed from chemical reaction

rates was adequate. Their results showed that the rate of removal of

N0i was proportional to the concentration of Nz04 in the gas phase. NOz
removal efficiencies are presented in Figure 4. The fraction of entering

oxides converted to HN03 was found to decrease as the contact time

between gas and liquid decreased. Neither the liquid flow rate nor the

acid molarity of the scrubbing liquid had any effect on removal efficiency;

however, increasing the humidity in the feed gas increased removal effi

ciency. They concluded that the absorption reactions occur at the gas

liquid interface.

Peters (1955) compared the absorption of NOz-Nz04 from air into

water and dilute HN03 «2.6 kg-mol m- 3) in the following devices: a

single-plate bubble-cap column previously described (Peters et al.,

1955); a 0.025-m-ID column, packed with 6-mm glass raschig rings to a

height of 1.17 m; a O.14-m-ID single-plate fritted bubbler column con

sisting of 12 medium-frit glass rods sealed into the plate; a O.025-m-ID,

1.32-m-high spray tower equipped with a single spray nozzle; and a
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0.025-m-ID bed of silica gel packed to a height of 0.3 m. The partial

presure of N0i was varied from 0.002 to 0.02 atm, but the total pressure

was maintained at 1.0 atm. The temperature was maintained at 298 K.

Efficiencies of the packed beds were reported in terms of 0.3 m of

packing. Operating parameters were chosen to permit a fair comparison

of the removal efficiencies of various types of contactors. The removal

efficiency was found to be independent of the liquid rate in the bubble

cap and fritted bubbler columns as long as the HN03 concentration of the

liquid did not increase above 2.8 kg-mol m- 3. The spray column was

operated at a liquid flow rate that would yield a finely divided mist,

and the packed column was operated at approximately 90% of flooding.

The experimental results are presented in Figure 5. The performance

of the bubble-cap column improved with increasing N0i concentration, and

its removal efficiency is significantly surpassed only by that of the

fritted bubbler column. The removal efficiency of the fritted bubbler

column was higher than that of other devices except at N02 concentrations

of less than 0.004 atm_ However, the pressure drop through this plate

was about 30 times higher than that of the bubble-cap plate. Removal

efficiencies with the packed column were lower than those found with the

bubble-cap column or the fritted bubbler column. However, the decrease

in efficiency with reduction in NO~ concentration is fairly gradual, and

the performance of the packed column at NO~ partial pressures of less

than 0.002 atm becomes comparable to that of other types of equipment.

Results obtained with the spray column indicate that removal efficiencies

at N0i concentrations less than 0.001 atm are poor, but at higher con

centrations are comparable to those obtained with other types of equipment.
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The silica gel adsorber provides the best removal efficiency of the

units tested at concentrations of less than 0.004 atm.

Peters (1955) also studied NO! absorption from air into water and

dilute HN03 «2.6 kg'mol m- 3) in a three-stage bubble-cap column. A

typical plate was described previously (Peters et al., 1955). The distance

between the plates was 0.3 m; the partial pressure of NO! in the feed

varied from 0.005 to 0.08 atm. Distilled water was fed into the top of

the column at the rate of 5.0 x 10- 6 m3 s-l. The gas flow rate was

5.9 m3 s-l. Other operating conditions were as described above. The

efficiencies of the three plates are presented in Figure 6. The

efficiency increases as the gas moves up the tower for any given NO~

partial pressure in the feed.

Atroshchenko, Konvisar, and Kordysh (1960) studied the absorption

of NOx compounds in a 0.03-m-ID bubble-cap column. Their results

showed that Murphree plate efficiency generally increases with increasing

N0i partial pressures and with increasing interplate distance.

Atroshchenko, Konvisar, and Ivakhnenko (1965) later investigated the

effects of plate hole size, the ratio of open area to total plate area,

and the gas flow rate on gaseous NO absorption in a sieve-plate column.x

In general, they discovered that plate efficiencies increase with

decreased plate open area and decreased gas flow rates.

In 1960, Chilton presented an extensive review of the "Dupont

Pressure Process" for The Manufacture of Nitric Acid by the Oxidation of

Ammonia. He presents an extensive literature review and empirical

observations on the optimization of high pressure nitrogen oxide absorp-

tion in bubble-cap towers. His observations on plate spacing, temperature,
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ORNL DWG 77-288 RI

0.70 r----------------------------,
o

0.60

0.50

0.40

*XNOZ

0.30

0.20
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o

o TOP TRAY

o MIDDLE TRAY

~ BOTTOM TRAY

0.0 '--__-'--__.-L.__--.L .l..-__"""'-__.......__.......L.-.-_---'

o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

PARTIAL PRESSURE N02* ENTERING PLATE (otm)

Figure 6. Effect of N0i partial pressure in entering gases on NO~

conversion with a three-plate bubble-cap column obtained by Peters.

Source: M. S. Peters. University of IZZinois Engineering Experiment
Report No. 14~ USAEC-COO-1015 (1955).
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and presssure are also explainable based on the observations on NO

oxidation and Nz04 being the absorbing specie.

Graham, Lyons, and Faucett (1964) applied the Dupont Pressure

Process in the construction of a bubble-cap HN03 production column.

They give performance data of this design for a column rated at 50,000 kg

of HN03 produced per day.

Andrews and Hanson (1961) studied the absorption of N02 from air-N02
and air-NO~-NO* gaseous mixtures into dilute HN03 using a recirculating

acid stream and a small single-sieve-tray column at 298 K. The partial

pressure of NOz was varied up to 0.10 atm. For N0i concentrations

greater than 0.01 atm, the predominant absorption mechanism is the

solution of N204 into the liquid followed by its rapid hydrolysis to

HN03 and HN02' The work of Andrews and Hanson, however, is the first

attempt to use existing knowledge of chemical reaction rates, diffusional

rates, and equilibrium data to calculate the conversion of NOz. Their

definition of NOz conversion is the ratio of NOz absorbed to that

entering the plate. Andrews and Hanson associated steady-state absorp

tion and desorption mechanisms and add the resulting partial NOx con

versions for an overall NO conversion. The term steady-state isx

important because Andrews and Hanson waited until the aqueous HNOz

concentration reached a steady value before taking data. Their model

reflects this logic. The descriptive overall reactions for the four

important combined absorption mechanisms are (a) Equations (101) and

(102), (b) Equation (103), (c), Equations (104) through (106), and (d)

Equations (107) and (108).
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2N204 (g) + 2H20 (t) + 2HN03 (t) + 2HN02 (g) ,

2N204 (g) + H20 (t) + 2HN03 (t) + N203 (g) ,

4N02 (g) + 2H20 (t) + 2HN03 (t) + 2HN02 (g) ,

3N02 (g) + H20 (g) + 2HN03 (g) + NO (g) ,

followed by

6HN03 (g) + 6HN03 (t)

or

2HN03 (g) + H20 (g) + 2HN03 (mist) + 2HN03 (t) ,

3N203 (g) + H20 (t) + 2HN03 (t) + 4NO (g) ,

~d

6HN02 (g) + 2HN03 (t) + 4NO (g) + 2H20 .

c

d

(101)

(102)

(103)

(104)

(lOS)

(106)

(107)

(108)

The predicted component and overall conversions are presented in

Figure 7. The overall or total plate NO conversion is compared withx

the experimental data in Figure 8.

The absorption mechanisms of Andrews and Hanson (1961) were combined

with a desorption stipulation of 1/3 mole of NO* for every mole N0i

absorbed in a model for NOx absorption in packed columns by Hoftyzer and

Kwanten (1972). The model is reported to work with fair success at

predicting the NO removal efficiency in high-pressure absorbers.
x
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Results from a study of a 16-stage crossflow NOx scrubber used to

treat the off-gas from a metal etching facility were reported by First

and Viles (1971). This atmospheric pressure scrubber has a face area of

0.116 m2 ; each stage is equipped with a spray volume where the gas is

sprayed with water, followed by scrubbing with 1.10 m of 37-~-diam glass

packing. For gas rates of 0.052 to 0.078 m3 s-l, the overall NOx

conversion, ~O ' varied from 0.90 to 0.97 as the gaseous NOx concentra
x

tion in the feed gas varied from one to 33 vol %. The NO gases at thex

scrubber inlet were highly oxidized, 54 to 87% NOz.
Design features of bubble-cap trays for nitrogen oxide scrubbing

were investigated by Billet (1972) in both a laboratory-scale and a

1.S-m-diam tray. These studies were conducted at temperatures of 313 to

323 ~, pressure of approximately 1.4 atm; the scrubber liquid was approx

imately 1.15 to 2.03 kg-mol m- 3 HN03; and the partial pressure of NOi

and NO* assumed to be approximately 0.06 and 0.16 atm. In the laboratory

scale studies, two types of bubble caps with cooling elements were

studied: (1) a cap with trian~Jlar slots surrounded by cooling elements

in a rhombic arrangement, and (2) a cap with rectangular slots and cooling

elements in a square arrangement surrounding the cap. In studies where

the gas load was varied from 30 to 90% of the maximum, tray efficiencies

varied from 26 to 47%. From these studies, the cap with rectangular

slots surrounded by cooling elements in a square arrangement was 5 to

18% better than the other arrangement. This arrangement was further

tested in a 1.5-m-diam tray where similar experimental results were noted.

Heat transfer coefficients are also given for the latter studies.

Nitric acid production was examined by Hellmer (1972) who used a

semi-industrial-scale sieve-plate column with cooling coils located in
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the bubble layer of the plates. The acid concentration was varied along

with the N0i concentration. According to Hellmer, it is possible to

calculate the number of plates necessary for a given HN03 outlet con-

centration and entering NOz concentration using literature rate constants

for Reactions (29) and (5). Murphree plate efficiencies ranged from 23

to 65% for acid concentrations varying from 0 to 15 kg-mol m- 3 and from

23 to 65% for N0i partial pressures varying from near 0 to 0.25 atm.

Hellmer also gives the relative heat transfer coefficient of the bubble

layer as a function of the acid concentration.

Bowman, Kulczak, and Shulman (1974) studied the scrubbing of low

gas concentrations of N02 in air with water in a packed column. The

column was 0.76 m in diam and packed to a height of 1.52 m with No.2

plastic Intalox saddles. Tests were conducted at atmospheric pressure.

Results are reported at a liquid flow rate of 9.46 x 10-4 m3 s-l for

superficial gas velocities of 0.35 to 1.25 m s-l and NOz gas concentra-

tions of 1000 to 3750 ppm in Figure 9. Other results are reported at

temperatures from 287 to 300 K and NOz concentrations of 750 to 3750 ppm

in Figure 10. In general, NO conversion increases with increasingx

gaseous NOz concentration, decreasing temperature, and decreasing gas

flow rate.

Zhidkov et al. (1974), correlated many different cases of tray

efficiency for NOx removal in sieve plate towers. Their equation could

be extremely useful if further parameter definitions were available or

could be ascertained.

The absorption of N02 by aqueous nitric acid in concentrations of

15.9 to 18.6 kg-mol m- 3 was investigated by Karavaev and Visloguzova



O
R

N
L

D
W

G
.7

9
-7

0
7

5

Q
4

0
.

I

3
7

5
0

P
P

M

3
0

0
0

P
P

M

0
.3

0

)
(

o z
0

.2
0

)
(

0
1

0

2
0

0
0

P
P

M

1
0

0
0

P
P

M

.....
..

0
0

0
.0

0
I

I
I

I
I

I
I

0
.2

5
0

.5
0

0
.7

5

Va
(m

/a
)

1
.0

0
I.

2
5

I.
5

0

F
ig

u
re

9.
T

he
co

n
v

er
si

o
n

o
f

NO
in

a
pa

ck
ed

to
w

er
as

a
fu

n
ct

io
n

x
o

f
th

e
su

p
e
rf

ic
ia

l
ga

s
v

e
lo

c
it

y
a
t

a
li

q
u

id
ra

te
o

f
9

.4
6

x
10

-4
m

3
s-

l
o

b
ta

in
ed

by
B

ow
m

an
,

K
ul

cz
ak

,
an

d
S

hu
lm

an
.

S
o

u
rc

e:
D

.
H

.
B

ow
m

an
,

C
.

J.
K

ul
cz

ak
,

an
d

J.
J.

S
hu

lm
an

,
P

o
ll

u
t.

C
o

n
tr

o
l

E
ng

.
6:

38
(1

9
7

4
).



79

ORNL DWG.79-7076
0.70,-------------------------------,
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Figure 10. The conversion of NOx in a packed tower as a function
of temperature at gas and liquid rates of 0.156 m3 s-l and 9.46 x 10-4

m3 s-l, respectively, obtained by Bowman, Kulczak, and Shulman.

Source: D. H. Bowman, C. J. Kulczak, and J. J. Shulman, PoLLut.
ControL Eng. 6: 38 (1974).
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(1974) in laboratory-scale equipment. The N02 partial pressure was

varied from 0.10 to 0.50 atm at a total pressure assumed to be atmos-

pheric; the temperature was varied from 268 to 283 K; nitrogen was the

diluent gas. These studies were conducted in a l2.4-mm-diam tower

packed to a height of 945 mm with small packing elements. The total

packing area was calculated to be 141.3 cm2 ; gas residence time varia-

tion in the tower was estimated to be between 1.3 and 4.3 s. Standard

parameter conditions in these studies were: temperature, 283 K; PNO*'
2

0.36 to 0.42 atm; gas residence time, 2.6 to 2.75 s, liquid loads,

9.78 x 10-4 m s-l, unless otherwise indicated. All parameter effects

are over the indicated range of interest. The degree of absorption of

NO~, ~O*J decreased linearly from 0.46 to 0.33 with a decreasing partial
2

pressure of N02; the absorption of NO~ also linearly decreased with

increasing temperatures from 0.84 to 0.34. Overall absorption rate

coefficients decrease with increasing NO~ partial pressure and temperature.

The degree of NOz absorption was also shown to increase proportionally

with gas residence time and liquid load. Absorption rate coefficients

increased with liquid loads and were not affected by gas residence time.

Another interesting conclusion of this study was that the extent of

absorption, ~O*' and the rate coefficient increased with increasing
2

nitric acid strength.

The initial operating experience with an "extended scrubber column"

was presented by Swanson et al. (1978). Extended scrubbing refers to

additional scrubbing operations to the off-gas from nitric acid produc-

tion columns. The device was installed initially to reduce the NO
x

emissions from a nitric acid production facility; additional product
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recovery and energy conservation benefits are also cited. This 25-plate

column (inferred) was 3.66 m in diam., 33.5 m in height, and operates at

a pressure of approximately 6 atm. It is designed to treat a 13.2 m3 s-l

gas stream. The unit was cooled with water at 283 K. The facility has

reportedly produced emission concentrations of 178 ppm for a feed gas

averaging 3000 ppm.

Results of an experimental study of nitrogen oxide scrubbing in a

three-stage sieve-plate column were reported by Counce and Perona (1979a).

The column was 0.076 m in diam. with 0.25-m plate spacing. The free

area of the plate was 0.6% (Counce and Perona, 1979b). In most of this

study, the feed gas was saturated with water at 348 to 356 K. The

scrubber liquid, aqueous HN03 in concentrations of 1.1 to 3.5 kg'mol m- 3,

was recirculated in these studies. The total pressure for these studies

was approximately 1.1 atm. Several other parameters were investigated:

liquid rate, 0.09 to 3.5 x 10- 5 m3 s-l; partial pressure of N0i, 0.14 to

0.40 atm; noncondensable gas rate (N02 and air), 1.75 to 3.5 x 10-4 m3 s-l;

and steam flow rate, 0 to 1.08 x 10- 3 kg s-l. The presence of HNOz in

the recirculating liquid was observed to have a deleterious effect on

NOx conversion, XNO ' in these studies, as is shown in Figure 11.
x

Parameter evaluations were made at steady-state which involves reaching

a steady-state HNOz concentration. The conversion of NOx increased with

increasing scrubber liquid rate, decreasing gas rate, decreasing acid

molarity, and increasing steam rate to a limited extent. The NOx

removal efficiency was also improved by sparging the scrubber liquid in

an operation prior to recycle; this apparently decreased the HNOz

concentration in the scrubber liquid. Overall, the total NO removal inx
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ORNL DWG 77.444R3

1.00

0.90

XNOx

0.80

CHNo2 ,in 0

CHN02 .out El

1.0 2.0 3.0 4.0

T (hours)

5.0

Figure 11. Overall NOx conversion of a three-stage sieve-plate
column with recycle of the scrubber liquid during the approach to steady
state obtained by Counce and Perona.

Source: R. M. Counce and J. J. Perona, Ind. Eng. Chern. Fundam. 18:
400 (1979).
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the column varied from 75 to 90%. The NO conversions for the individual
x

plate and the column were predicted fairly well with a simple mechanistic

model that takes into account the effect of aqueous HNOz in the scrubbing

process (Counce, Groenier, Klein, and Perona, 1978; Counce and Perona,

1980). This model is based on chemical Reactions (1), (21), (25f), (28),

and (5):

2NOZ (g) ~ Nz 04 (g) ,

NZ04 (t) + HzO (t) ~ HN03 (t) + HNOz (t) ,

3HNOZ (t) ~HzO (t) + HN03 (t) + 2NO (g) ,

and

2NO (g) + Oz (g) ~ 2NOz (g) .

This model seemed to fit the data better for cases with no steam in the

feed gas.

The Bolme NO recovery process for the extended scrubbing of gaseousx

NO from the off-gas of conventional nitric acid production columns wasx

discussed in an article by Bolme and Horton (1979). The NO removal isx

accomplished in a multi-stage sieve-plate column (inferred to operate at

approximately 6 atm). For the case described, the gaseous NO concentra
x

tion was decreased from 2500 to 85 ppm. Primary NO removal was accomx

plished in a IS-plate scrubber section which uses 4.3 to 5.6 kg'mol m- 3
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HN03 as the scrubber liquid. This concentration of aqueous HN03 decreases

the absorption of N0i only slightly; however, it will greatly increase

the stability of HN02 in the liquid phase, and the oxidation of NO to

N02 will be increased to some extent by the vapor pressure of HN03 over

the scrub solution. The gas leaving this section was approximately

150 ppm, 70% of which was said to be N°i, The gaseous NO concentrationx

is further reduced in a wash section with water as the scrub solution;

this solution leaves the extended absorber as liquid feed for the nitric

acid production column. The liquid effluent from the scrub section is

heated and stripped with steam to remove HN02 and any other dissolved

NO species before recycle; these gaseous NO species are fed to thex x

nitric acid production column. This process for extended NO recoveryx

appears to be an excellent example of the application of a detailed

knowledge of the NO -HNO -H20 system chemistry to this scrubbing operation.x x

An impressive series of experiments on the absorption of NO intox

water and dilute nitric acid was conducted by Koegler using a 0.l5-m-diam

bubble-cap tower. Other studies also involved the addition of NaOH and

H202 to the liquid phase. The tower had eight trays with one bubble cap

per tray and tray spacings of 0.305 m. Gas analysis for N0i and NO* and

liquid analysis for HN03 and HN02 were conducted for each stage from

start-up through steady-state. A screening series of experiments was

conducted using the variables and ranges given in Table 7. The tempera-

ture varied from 297 to 309 K during these tests. The overall N02

conversion during these tests ranged from 26 to 83%. At a 95% signifi-

cance level, only the following variables had an effect on the concentra-

tion of N02 leaving the absorbers:
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Table 7. Assigned system variables for Koegler's studiesa

F10wsheet parameter

Total gas flow rate, m3 s-1

NO in feed gas, %.

NOz in feed gas, %

Oz in feed gas, %

Flow rate of recycle acid to
tray 8, m3 5- 1

Flow rate of recycle acid to
tray 3, m3 s-1

Flow rate of water to tray 8,
m3 5- 1

Flow rate of cooling water to
tank recycle heat exchanger,
m3 5- 1

Flow rate of cooling water to heat
exchanger, m3 s-1

Low value (-)

9.4 x 10-4

1

3

11.5

3.2 x 10- 5

9.5 x 10'-7

o

o

High value (+)

2.8 x 10- 3

3

20

20.2

3.8 x 10- 5

1.0 x 10- 5

6.2 x 10-4

~emperature varied from 297 to 309 K during these tests.

Source: S. S. Koegler, Purex Nox Abatement piZot PZant,
RHO-CD-702, Rockwell Hanford Operations (July 1979).
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1. Percent of N02 in the feed gas (positive effect).

2. Total gas flow rate (positive effect).

3. Water to tray 8 (negative effect).

The first two variables increased the N02 concentration in the off-gas

and decreased column NO removal performance; the third (water flow to
x

tray 8) increased column NO removal performance by lowering the percent
x

of N02 in the off-gas.

A full-factorial test was then run on the variables and ranges

indicated in Table 8. The following equation for the 8-tray column is

the result of those studies:

y = - 0.1067 + O.2174XI + 5.693 x 10- 3X3 + 0.6219 log Xl

where

y = N0 2 in off-gas, ~a ,

Xl = N02 in feed gas, 9<0,

X2 = total gas flow, std. ft 2 min-I,

X3 = average column liquid temperature, OF,

and

X4 = water flow to tray 8, gal min-I.

The results of these experiments showed all four factors tested to

be significant at the 99% level. Two strong interactions noted were:

cross products of the percent of N02 in the feed and the total gas flow,
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Table 8. Assigned variables in Keogler's
studies - full factorial design

Low value Mid value High value
Variable (-) (0) (+)

N02 feed gas, % 1 4 7

Total gas flow rate, m3 s-l 8.2 x 10-4 1.6 x 10- 3 2.5 x 10- 3

Flow rate of water to
tray 8, m3 s-l 1.3 x 10- 6 1.04 x 10- 5 2.3 x 10- 5

Acid recycle temperature, K 294 311 327

Source: S. S. Koegler, Purex Nox Abatement PiZot PZant,
RHO-CD-702, Rockwell Hanford Operations (July 1979).
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and the percent of N02 in the feed and the water flow rate to the column.

These interactions were also significant at the 99% level.

The production of HN02 in the liquid was also examined as a function

of the four system variables in Table 8. The percent N02 in the feed

gas (positive effect), water flow rate (negative effect), and liquid

temperature (negative effect) were found to significantly affect the

concentration of HN02 in the product/feed tank at the 99% level. The

gas flow rate had a smaller positive effect, but was significant at the

95% level. Significant effects also were found for interactions between

feed N02 concentrations and temperature (negative), feed N02 concentra-

tion and water flow rate (negative), and temperature and water flow rate

(positive).

In conclusion, the NO removal efficiency of the scrubber was
x

increased by decreasing the gas rate, increasing the NO feed concentrax

tion, increasing the water flow to the column, and decreasing column

temperatures. The presence of aqueous HN02 had a definite deleterious

effect on the column NO removal. The highest were obtained when
x

scrubbing with 15.2 wt % HN03 (no recycle) and with aqueous H202 or

NaOH. These aqueous components tend to stabilize or destroy aqueous

HN02 before its decomposition results in the production of gaseous NOx

species.
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3. Literature Summary

The NO -HNO -H20 chemical system can be described for engineeringx x

purposes by considering the important species to be NO, N02, N203,

Reactions (1), (2), (3), and (5) describe the gas-phase distri-

bution of NO and HNO species:x x

NO (g) + N02 (g) + H20 (g) ~ 2HN02 (g) ,

~d

2NO (g) + 02 (g) + 2N02 (g) .

Usually conditions that maximize the presence of gaseous N204 , such as

increased pressure ~d/or decreased temperature, will produce the maximum

NO absorption for high gaseous NO partial pressures; conditions thatx x

maximize the presence of gaseous N203 ~d/or HN02 provide maximum NOx

absorption efficiency for dilute gaseous NO partial pressures. The
x

nature of the gas-phase interaction of N0i and H20 is poorly understood.

The thermodynamic equilibrium at ambient temperatures does not favor

gaseous HN03 production. However, if the partial pressure of HN03

exceeds its equilibrium vapor pressure over aqueous solutions then a fog
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or mist is formed, and the overall reaction involving the formation of

liquid HN03 is favored at ambient conditions.

Whether NO is produced during the depletion of HN02 from solution

or present in the feed gas, the oxidation of NO in the gas phase is an

important phenomena in describing the NO -HNO -H20 system. Gaseous NO
x x

is not stable in oxygen containing environments at ordinary scrubber

temperatures and pressures. The oxidation of NO as expressed in

Reaction (5) will proceed almost completely to the right, provided

sufficient oxygen is present. The gaseous oxidation of NO is an unusual

trimolecular reaction that has an apparent negative temperature depen-

dency. Control of temperature in NO scrubbers is not only important
x

for increasing the equilibrium partial pressure and solubility of the

more reactive species, but also in promoting the conversion of NO to a

more absorbable specie.

The solubilities of N0i-NO* species range over several orders of

magnitude. In order of increasing solubility, these species are listed

solution may be considered negligible. The importance of the solubilities

of these species is somewhat over-shadowed, however, by the fast hydro-

lysis reactions of N203 and N204 in the liquid phase.

In the liquid phase, the following reactions appear to be important

to the absorption process:

(24f)

(25f)
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This overall equation was developed by Abel and Schmid (1928a). Working

in an NO atmosphere, in a completely batch system and under conditions

of extremely high liquid-phase mass-transfer, this decomposition process

is fourth order with respect to aqueous HN02 (Abel and Schmid, 1928b),

Equation (62):

P~O

Abel and Schmid (1928b) recognized that the removal of NO from solution

could limit the dissociation of aqueous HN02; these studies were conducted

at conditions which reduced the mass-transfer resistances to the removal

of NO from solution. Because of the equilibrium nature of the Abel

Schmid depletion process, as implied in Equation (62), the rate control

ling process can shift to the removal of NO from solution,

(Ill)

under mass-transfer limiting conditions. A simplified rate expression

based on the work of Abel and Schmid has been obtained by Andrews and

Hanson (1961) and later by Komiyama and Inoue (1978) for use when the

concentration of NO at the liquid side of the gas-liquid interface was

zero, Equation (95):

= _ (3/2)1/6 (k K2 K2 )1/3 (k a)2/3 C4/ 3
r HN02 25f 88 89 L HN02

This equation represents the depletion of aqueous HN02 under liquid

phase mass-transfer controlling conditions. By working with the
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Abel-Schmid kinetics, it has been shown that the order of the aqueous

HNOz depletion reaction can vary from slightly greater than one to four.

The Abel-Schmid stoichiometry also stipulates that the molar ratio of

HN03 and NO produced to HNOz decomposed to be -1/3 and -2/3 respectively.

For convenience, these molar ratios have been referred to as R* and R**

respectively. This stoichiometry is in general agreement with that

found by most researchers in HNOz depletion chemistry.

Some researchers, however, have found R* to be greater than -1/3

(R** > -2/3) in studies into the non-oxidixing depletion of aqueous

HNOz . The order (with respect to HNOz) of the HNOz depletion reaction

is usually equal to or slightly greater than one for studies when R* is

greater than -1/3. The value of R*, found by Komiyama and Inoue (1978),

was about -1/3 in studies with a He sparged semi-batch contactor; the

corresponding depletion order, with respect to HNOz, in these studies

was about 4/3. In further studies, with an agitated semi-batch gas

liquid contactor featuring a planear interface, R* increased with a,

defined as

in these studies the order of the depletion reaction approached unity,

with respect to HNOz , as a increased. This increase in R* was also

noted by Lang and Aunis (195la,b) in aqueous HNOz depletion studies, as

the Nz rate to a sparged gas-liquid contactor was increased; the depletion

order in these studies was about one. The value of R* is also reported

by Safin et al. (1970) to increase from -1/3 to 0 as the NO content was

increased in the Nz sparge gas of an aqueous HNO z mixture. The order
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of the reaction was reported by Liebmann (1914) to decrease from 3 to 1

as aqueous HN02 was removed in a N2 sparged device. Generally, these

depletion rates increase with gas sparge rate, agitation, etc.

The increasing value of R* suggests that species other than NO can

be desorbed during the depletion of HNO z from aqueous solutions. The

first-order depletion kinetics and its sensitivity to gas rates and

agitation suggest that mass-transfer resistances are involved in this

process. The aqueous HNOz depletion process might be represented, with

respect to the indicated considerations, as

(112)

and

(113)

The stoichiometry of Equations (112) and (113) produce R* and R** of

-1/2 and a respectively. This is the other stoichiometric boundary for

the non-oxidizing depletion of aqueous HNO z .

The effect of oxygen on the depletion of aqueous HN02 was studied

by Lang and Aunis (195lb). The value of R* in these studies decreased

with increasing partial pressures of 0z in the sparge gas of a sparged

and stirred gas-liquid semi-batch contactor. The first-order HNOz

depletion rate constant was changed very little when N2 or air was used

as the sparge gas; however, this rate constant was greatly increased

when pure 02 was used as the sparge gas. The high pressure oxidation of

HN02 in the liquid phase in a stirred and sparged gas-liquid contactor

has also been reported by Pogrebnaya et al. (1976). From the studies of
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Lang and Aunis (195Ib), liquid-phase oxidation of HN02 is not substantial

at ambient conditions when the partial pressure of 02 is that of air.

The Design of NO Scrubbersx

The existing concepts for NO scrubber design were developed primarily
x

for the nitric acid production industry. There has been renewed interest

in this area in recent years, stimulated by the need to remove NO from
x

gas streams as a pollution abatement and a resource recovery measure.

The absorbers used by the nitric acid production industry are fairly

well tuned devices, having evolved through several generations of use.

However, because of a lack of theoretical understanding of the mechanisms

involved in nitric acid production, there is little basis for extrapola-

tion to situations involving different NO partial pressures and nitric
x

acid concentrations.

Some experimental studies have been reported over the last 25 years

that provide insight into the mechanisms involved in the scrubbing of

nitrogen oxides from gas streams. This work has been primarily directed

toward the development of plate columns. From an analysis of these

studies, it appears that some characteristics of packed columns would

make these devices very efficient NO scrubbers. A conceptual model of
x

NO scrubbing in packed towers, based on the chemistry of the NO -HNO -H20
x x x

system and on an analysis of scrubber studies conducted with plate

columns, was tested in this activity. The development of this model is

important not only for the advancement of scientific understanding of

the phenomena involved in the aqueous scrubbing of gaseous nitrogen

oxides, but also to serve as a reasonable basis for scrubber performance
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extrapolation and to provide a credible response function for varied NOx

scrubbing situations.

The NO scrubbing models of Andrews and Hanson (1961) and Hoftyzer
x

and Kwanten (1972) assume steady-state with respect to the aqueous HNOz

concentration - HNOz disappears as fast as it is produced. Recent

studies by Makhotkin and Shamsutdinov (1976), Counce and Perona (1979a),

and Koegler (1979), as well as some observations by Andrews and Hanson

and Koval and Peters (1960), have shown that aqueous HN03 scrubber

solutions have a steady-state capacity for retaining considerable concen-

trations of HNOz. The overall stoichiometry of some sparged semi-batch

NOz absorption studies by Makhotkin and Shamsutdinov were found to be

Reaction (27f),

3NOZ (g) + HzO (t) + 2HN03 (t) + NO (g) ,

only when a steady-state concentration of aqueous HNOz was present.

During the period of time before steady-state was reached, the molar

ratio of production of gaseous NO to NOz absorbed is less than 1:3

expected from Equation (27f). In multi-stage NO scrubbing studies with
x

a recirculating liquid phase, Counce and Perona, as well as Koegler,

have noticed a similar effect. Counce and Perona (1980) have also

developed a simple mechanistic model for NO removal that takes intox

account the effect of HNOz on the overall scrubbing process, and fitted

their data fairly closely during this transient before steady-state and

at-steady-state. From these studies, it can be seen that the build-up

of aqueous HNO z coincides with a loss in NO scrubbing efficiency. Thisx

can be attributed to a loss in the liquid capitance to retain NO in the
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liquid phase as HN02. This phenomena was also noted by Andrews and

Hanson, who considered only the steady-state NO absorption performancex

of their system. This type of steady-state analysis is probably correct

for plate gas-liquid contactors with long liquid hold-up times; however,

it is probably incorrect to apply this to a conceptual understanding of

packed NO absorbers due to the limited liquid hold-up time of thesex

devices.

The scrubbing of NO compounds in packed towers with non-recycle of
x

the scrubber liquid will almost certainly be in the transition region,

with respect to aqueous HNOz, for a portion, if not all of the tower.

This hypothesis is based on the observed capacity of aqueous HN03 for

retaining HNOz and the limited liquid hold-up time in packed towers. It

seems logical to describe the NO absorption mechanisms of the liquid
x

phase as well as the gas phase in dynamic terms. The overall column

performance will then be a function of total system dynamics, without

the restriction of assumed stoichiometric constraints.

Packed Column Model

A model for describing mass-transfer and chemical-reaction phenomena

is given in Figure 12. The model allows for calculations in the bulk-

gas phase, within the gas film, at the gas-liquid interface, within the

liquid film, and the bulk-liquid phase. The gas phase is assumed to be

saturated with H20, consistent with the temperature and liquid HN03

concentration. The partial pressure of HN0 3 is usually small over

solutions of low acid molarity compared with the NO partial pressuresx

in these experiments and is taken to be zero. The indicated gaseous
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chemical equilibria are assumed to apply at all times in the bulk-gas

phase. The predicted HNOz partial pressure is usually small compared

with the HzO partial pressure and is always assumed to be equal to or

below the saturation partial pressure. The model accommodates the

oxidation of gaseous NO to NO z in the bulk-gas phase.

The steady-state transport of each absorbing component, j, across

both the gas and liquid films is expressed by (Danckwerts, 1973):

R. = -kG (P~ - P.) = (Ek
L
)· (C~ - C.) •

J J J J J J
(114)

In the case of physical absorption or desorption, the enhancement

factor, E, is taken to be unity. The absorbing species are NO z , Nz04,

and NZOg. From the work of Corriveau (1971), Denbigh and Prince (1947),

Koval and Peters (1960), and Peters and Koval (1959), it may be concluded

that HNOz is not an absorbing specie, although it cannot be ruled out as

a desorbing specie. The other desorption specie is NO, which is formed

from the bulk liquid-phase decomposition of HNOz . The resistances

involved in the transfer of these absorption/desorption species will be

modeled in an attempt to simulate this operation. A material balance on

the indicated transport phenomena is possible due to accounting for the

production and disappearance of HNOz and HNOg due to the absorbing and

desorbing reactions and mass-transfer operations.



CHAPTER III

THEORETICAL

1. General Development

The absorption/desorption phenomena involved in the scrubbing of

nitrogen oxides from gas streams have been simulated for an incremental

column volume. This incremental volume is illustrated in Figure 13.

The volume of this incremental section is such that the change in compo-

nent partial pressures and concentrations, as well as gas and liquid

flow rates in the increment may be neglected in rate equations for

interphase transport. The gas phase is assumed to be ideal, and iso-

thermal conditions are further asswaed to prevail. The mathematical

model developed in this chapter is designed to be used in the computation

of the partial pressures of gas species leaving the increment and con-

centrations of liquid species entering the increment. This requires

known or assumed information about the gas and liquid streams entering

and leaving the increment respectively. A schematic absorption model

for this calculation was previously presented in Figure 12. The mathe-

matical model developed here is based on mass-transfer data for packed

towers and specific chemical reaction information for the NO -HNO -H20x x

system.

The nitrogen oxide species of interest in the gas-phase are NO,

oxide (NO*) and nitrogen dioxide (N02) are defined, consistent with

previous usage, as:

101
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ORNL DWG. 80-7021

(C HN0 2) IN

(CHN03 )IN

(L) IN

(PNO*)OUT

(PNO~)OUT

\L) OUT

---.;.._- ......... --

+

dH

(L) OUT

(CHN0 2)OUT

(C HN03)OUT

\L) IN

(PNO*) IN

(PNO~) IN

Figure 13. Representation of incremental volume in a packed tower.
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PNO* = PN02
+ 2P

N204
+ P

N203
+ 1/2PHN02

(115)
2

~d

PNO* = PNO + P + 1/2PHN02 . (116)
N203

The bulk-gas-phase component partial pressures of these species are

calculated using existing equilibrium information as:

(117)

(118)

~d

(119)

These gas-phase equilibrium expressions are assumed to apply through-

out the gas phase. The water vapor partial pressure is obtained by

assuming the gas phase to be saturated. The component partial pressures

are calculated from known partial pressures of NO~ ~d NO*. The deriva

tion of equations used in this computation is given in Appendix A.

The steady-state gas-phase performance equation for the incremental

absorption/desorption phenomena of NO~ ~d NO* may be expressed as

disappear~ce or
input = output ± appear~ce due to

gas-phase reaction

disappearance or
± appearance due to

absorption or desorption .

(120)

In the previous equation, the disappearance terms are positive while

the appear~ce terms are negative. The molar input of the ith specie to
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the column increment may be represented as G (Pi)in/(RT) while the

output is G (P.) t/(RT).
~ ou

The extent of the gas-phase oxidation of NO to N02 occurring in the

increment, XNO ' is computed and used to adjust the molar rates of NO and

N02 leaving the increment as ± G PNO XNO/(RT). The term XNO is the

conversion of NO to N02. The molar rate of 02 leaving the increment is

also corrected. The derivation of the equation used in the calculation

of XNO is given in Appendix B.

The disappearance and/or appearance phenomena of N02 and NO* in the

gas-phase due to absorption and desorption may be simplified by defining

an absorption flux for each gaseous nitrogen oxide component in terms of

gas-phase and enhanced liquid-phase mass-transfer coefficients and the

partial pressure and concentration driving forces, Equation (114):

R. = kG. (P. - P:") = (EkL).(C:" - C.) .
~ ,~ ~ ~ ~ ~ ~

Thus desorption is inverse absorption. The desorbing species are HN02

and NO. The reaction producing NO is considered to be sufficiently slow

as not to effect the concentration profile in the liquid phase; thus,

the enhancement factor, E, is equal to one for both of these cases. The

molar rate of disappearance or appearance of N02and NO* in the incre

mental gas-phase is obtained as a ~O* abV and ~O* abV. The term bV is
2

the incremental column volume. The fluxes of N02 and NO* are found as

(121)
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and

~O* =~203 + 1/2~02 + ~O '

noting that the flux of HN02 will be restricted to desorptive only.

The total flux of nitrogen oxides is:

(122)

(123)

Insertion of the developed relationships into the gas-phase perform-

ance equation yields:

G(PNO*)' G(PNOz)out2 J.n
+ (~02 + 2~ + 1/2~02)= + ~203 a!:::.VRT RT 204

G PNO XNO (124)RT

and

G(PNO*)in G(PNO*)out
+ (~203 + 1/2~02 + ~O) a!:::.V=RT RT

+ (125)

The partial pressures of N0i and NO* leaving the increment are

+ PNO ~O' (126)
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and

(127)

in terms of total nitrogen oxide partial pressure,

(128)

Further adjustments of the gas flow rate and component partial pressures

due to bulk-gas component removal or addition are made before beginning

the next incremental calculation.

Focusing on the liquid phase of the incremental column volume, the

absorption reactions produce aqueous nitric and nitrous acids. Nitric

acid is relatively stable in the liquid phase and has a fairly low vapor

pressure at ambient conditions. Aqueous nitrous acid is unstable at

ambient conditions and has a substantial vapor pressure. An overall

steady-state performance equation for the liquid phase of the incremental

absorption/desorption/reaction phenomena with respect to aqueous HNOz

and HN03 may be expressed as:

and

input of =
HN03

output of
HN03

production from
reactions of
absorbing NOxcomponents

production from
liquid phase
decomposition
of HN02 , (129)

input of =
HNOz

output of
HN02

appearance as product
from reactions of
absorbing NO

xcomponents

+

decomposition
of HNOz in
liquid phase and
physical desorption
of HNOZ. (130)
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The molar inputs of nitric and nitrous acids are L(CHNO )· and L(CHNO ).
3 ln 2. ln

while the outputs are L(CHN03 )out and L(CHN0 2.) out·

The rate of acid production in the liquid phase (also possible

removal in the case of nitrous acid) due to the absorption flux of NOx
n

species from the gas phase is k w.R.a~V. The term, W., is a stoicho-
. 1 1 1 1
1=

metric factor. These production rates for nitric acid and nitrous acid

are

and

n
k ~i~Oa3~v = (1/2~O2. + ~2.0~) ~V ,

i=l ,.

n

i:l ~iRHNo~~V = (1/2~O2. + ~204 + 2~203 + ~02) a~V .

The equilibrium as expressed in Equation (28),

(131)

(132)

is assumed to apply in the liquid phase from the work of Abel and Schmid

(1929). This equilibrium reaction proceeds to the right as NO desorbs

from the aqueous phase. The absorption of NO is neglected due to its

low solubility. The bulk-phase concentration of NO is calculated from a

modified Abel-Schmid equilibrium expression,

(133)
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or

(134)

Thus, the production of nitric acid in the increment due to the decompo-

sition may be represented by 1/2kL,NO(CNO - CNO) and the disappearance

of nitrous acid by -3/2kL,NO(CNO - CNO)' Incorporating these relation

ships into the liquid-phase performance equation yields:

- 3/2~O af:,.V, (136)

or

and

+ 3/2~o)(a~V/L) (133)

By knowing or assuming (PN02) in' (PNO*) in' (CHN02) out , and (CHN03 ) out'

similar quantities may be calculated at the top of the increment provided

R., in the liquid phase, may be calculated for the individual NO
1 X

species. The calculation of these individual flux equations is derived
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in Appendix C. The desorptive flux of NO was shown by Komiyama and

Inoue (1978) to be limited by the decomposition reaction of HNOz occur-

ring in the bulk liquid; thus, Equation (95) was used, in an appropriately

modified fashion, as an upper bound to the desorption of NO. This is

further discussed in Appendix E.

2. Implementation

A computer program, shown in Appendix G, was developed to calculate

the entering concentrations of HNOz and HN03 and effluent partial

pressures of NO~ and NO* for given liquid and gas streams, column

incremental volume, effluent concentrations of HNOz and HN03, and enter-

ing partial pressures of N0i and NO*. Such a differential increment of

packing was shown in Figure 13 (see page 102). By using multiple

increments, the NO removal performance of a packed tower of any finite
x

height can be modeled. An incremental height of 1 cm was determined to

be adequate for use in these calculations. The use of smaller increments

yielded minimal changes in the overall column NO conversion, and these
x

changes were well within the error associated with scatter in the data.

Some further adjustment of the volumetric gas flow rates and compo-

nent partial pressures is necessitated in the described computations due

to removal of gaseous species in bulk quantities. These adjustments are

accomplished between the described incremental computations.



CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

A flowsheet of the experimental system is presented in Figure 14.

Two packed absorption/desorption columns were used in this study with

inside diameters of 0.076 and 0.102 m respectively. These columns were

packed with ceramic Intalox saddles with diameters of 6 and 13 mm respec

tively. Other equipment used in the study was associated with the

scrubber liquid supply, metering, and sampling systems, and the gaseous

supply, metering, and sampling systems.

The scrubber liquid was supplied from the liquid supply tank on a

continuous basis or batch or recycle mode. This stream was metered by

rotameter to the column in use. The temperature of this stream could be

adjusted as necessary by an in-line heat exchanger. The liquid is

distributed in the tower approximately 0.03 m above the top of the

packing.

In the 0.076-m-diam column, the gas enters the packing through the

packing support; the gas is injected directly into the bottom of the

packing in the 0~102-m-diam column. A liquid seal in the effluent

liquid line is maintained either manually or by a jack-leg in the case

of the liquid-recycle mode. Both feed and effluent liquid streams with

respect to the packed columns could be manually sampled.

Carrier gases of air, N2 or 02, could be metered by rotameter to

either of the two packed towers and as a sparge gas to the liquid supply

tank. Normally, NO~ or NO*/NO~ feed mixtures were produced by blending

in the correct portion of these gases. Steam may also be added to this

110
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feed gas. The gas stream leaving the packed tower was cooled and demisted

for entrained acid recovery and control of the water content. The volume

of this recovered liquid was recorded and. the acid content determined

analytically. A nitric acid bubble column on the effluent gas stream

provided the pressure necessary to route a stream through the gas analysis

equipment. Thus, the scrubber column was operated slightly above atmos

pheric pressure.

The gas analysis for NO*/NOi could be done by taking gas samples

for standard wet chemical analysis or by passing a gas stream through

infrared detectors for NO* and NOz analyses. Liquid samples were

stabilized immediately with the addition of hydrogen peroxide and cerric

sulfate for later analysis of total acid and nitrous acid respectively.

The entire experiment was located in a chemical fume hood in which a

constant air flow was maintained.



CHAPTER V

RESULTS

The final evaluation of a model lies in the comparison of the model

with the experimental data. This discussion will consider the data and

trends in that data, and will also focus the comparison of the model

predicted NO conversion and that obtained experimentally. After con
x

sidering a scouting series of nitrogen oxide scrubbing tests conducted

in the O.076-m-ID column, this discussion will consider the data and

model predictions from the O.102-m-ID column, which is considered the

most reliable, then return to the data from the O.076-m-ID column data

for conclusion.

A screening series of tests was initially conducted to get a broad

understanding of nitrogen oxide absorption in packed towers. The response

variable is the conversion of NOx' XNO ' This series of tests is presented
x

in Table 10. These data are quite qualitative in nature. The effect of

variable i on the NO conversion is defined by:
x

Effect of
variable i =

k[(~O
x

at high values of i) - (~O at low values of i)]
x

(half the number of factorial runs)

(139)

The most pronounced effect on the NO conversion is produced by variation
x

in the oxidation state of the gas. This is a well known phenomena in

nitrogen oxide scrubbing; in general, the NO* species have a much lower

solubility and reactivity than the NOi species. The second largest

effect was produced by the variation in the partial pressure of nitrogen

113
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Table 10. Data for saturated fractional factorial design
for studying seven NO scrubbing variables in eight runsx

Variables -(LOW) + (High)

1. Scrubber liquid flow rate, m3 s-1 3.5 x 10- 5 5.25 x 10- 5

2. Scrubber liquid HN03 molarity, kg· mol m- 3 0 3.0

3. Partial pressure of NO in feed gas 0.05 0.20x
4. Steam flow rate in feed gas, kg s-1 0 5.0 x 10- 4

5. Air or nitrogen as diluent gas Nitrogen Air

6. Scrubber liquid temperature, K 286 306

7. Oxidation state of NO in feed gas 0.5 1.0
x

Overall NO
Variable conversionx

Run 1 2 3 4 5 6 7 XNOx

A + 69

B + + + 86

C + + + + + 91

D + + + 52

E + + + 90

F + + + + + 78

G + + + 82

H + + + + + 96

Effect -4.9 -0.6 11.8 7.6 6.4 -5.6 20.6 80
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0.076-m-diam column this precaution was not taken and entrance effects

are present in the experimental data. The model development consisted

of determining the value of (~/H)Nz04 that allowed the model prediction

to most accurately represent the data. The value of (~/H)Nz03'

obtained by Corriveau (1971), is the only known such constant. The

effect of the ionic strength on these constants should be minimal as

these studies were conducted using a water-dilute acid scrub solution.

The values of Kl, Kz, and K3 were from the works of Verhoek and Daniels

(1931), Beattie and Bell (1957), and Wayne and Yost (1951) respectively.

The use of these constants maintained consistency as they have been used

in the calculation of (v1fJ</H)Nz 04 and (v1nC/H)N
z
0

3
' The Henry's Law

constants for NO, NOz, and HNOz are from the International Critical

Tables, Loomas (1928), Andrews and Hanson (1961), and Abel and Neusser

(1929) respectively. The rate constant for the oxidation of NO used in

these calculations was that of Bodenstein (1918). The value of K60 was

that from the work of Abel and Schmid (1928c). The values of kG were

calculated from a correlation by Onda, Takeuchi, and Okumoto (1968).

= 5 23 ( G'" )0.7 (].1G )0.33 ( d) -2.0
. at ].1G PG DG at p

(140)

The constant 5.23 is replaced by 2.00 for Raschig rings and Berl saddles

smaller than 15 rom. This correlation by Onda et al., is considered

accurate to ±30%. The values of a and kL were taken from experimental

results using the l3-mm Intalox saddles (Danckwerts, 1970) and calculated

for the 6-rom Intalox saddles, using equations from Puranik and Vogelpohl

(1974), and Mohunta, Vaidyanathan, and Laddha (1969):



and
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= 1.045 ( L" )0.041 ((L")2)0.133 (.2.)0.182,
at ~G at PLcr cr c

(141)

(~L(L")34at3) 1/4 (~L ) -1/2 .
g2 PL PL VL

(142)

Both of these correlations are accurate to ±20%. These selections are

consistent with recent reviews in these areas by Laurent and Charpentier

(1974), and Sherwood, Pigford, and Wilke (1975). The correlations for

effective interfacial area and liquid-phase mass-transfer coefficient

are the only known such correlations that include data from tests using

Intalox saddles. The most critical coefficient is the value of (~H)N204.

These values range from 5.7 x 10-4 (Corriveau, 1971) to 11 x 10-4

kg-mol atm- 1 m- 2 s-l (Dekker, Snoeck, and Kramers, 1959). Most of the

NOx absorption efficiency data lies bounded by computations using the

model previously presented and the above values of (~H)N204. Model

predictions of XNO were calculated using the values of (~H)N 0
x 2 4

obtained by the various researchers. The value of (~H)N204 that

produced the minimum residual sum of squares was that of Dekker, Snoeck,

and Kramers (1959). The residual sum of squares is defined as:

(143)

where n is the number of test cases (experiments) and exp and cal are

the experimental and calculated values. The minimum RMS was 0.0040 for
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runs 10-1 through 10-31, given in Table 11. The feed gas partial pres-

sures of NO were about 0.05 atm.x

Data for experiments conducted using the 0.102-m-diam column and a

fully oxidized feed gas are shown in a number of plots in Figures 15

through 18. These plots include calculated NO conversion at the extremx

ities of (~/H)N204 values. From these plots, it can be seen that the

experimental NO conversions tend to lie near the maximum observedx

(~H)N204 value, which is the value producing the lowest RMS value for

this data.

The data for runs with a partially oxidized feed gas, along with

the model predictions, are presented in Table 12. In this comparison,

the model prediction is consistently lower than the experimentally

observed values of XNO .
x

A series of four runs was conducted using the 0.102-m-diam column

at NO feed partial pressures of about 0.01 atm. A summary of the runx

conditions and model predictions is presented in Table 13. A comparison

between the model predicted and experimental ~O shows good agreement.
x

Additional data were taken using the 0.074-m-diam column (presented

in Table 14). Some selected experimental conversions from these data

are compared with calculated values and presented in Figure 19. Again,

reasonable agreement with the selection of the higher (~H)N204

value is observed. The value of the RMS for the experiments presented

in Table 14 for only runs with all NOx feed gases in NOi state was

calculated to be 0.0009.

Other experimental activities concerned the depletion of nitrous

acid from solutions in contact with nitrogen, air, and oxygen. These
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ORNL DWG. 80-7025
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Figure 15. Experimental nitrogen oxide conversions at varying
column heights and model predictions over the range of CIJffik/H)N 0 values

2 1+

from runs 10-13, 10-14, 10-19, 10-20, 10-9, 10-10, 10-23, and 10-24. The
other parameters were G ~ 1.5 x 10-4 std m3 s-l, L = 3.5 x 10-5 m3 5- 1,
YNO . ~ 0.05, and PT = 1.1 atm.

x,1n
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Figure 16. Experimental nitrogen oxide conversions at varying column
heights and model predictions over the range of (Ilmk/H)N204 values from

runs 10-5, 10-6, 10-11, 10-12, 10-15, 10-16, 10-17, 10-18, 10-21, and
10-22. Other parameters were G ~ 3.2 x 10-4 std m3 s-l, L = 3.5 x 10-5
m3 s-l, YNO . =0.05, and P

T
= 1.1 atm.

x,J.n
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Figure 17. Experimental nitrogen oxide conversions at varying column
heights and model predictions over the range of (ID:k/H)N204 values from

runs 10-l
i

10-2, 10-3, and 10-4. The other parameters were G ~ 3.2 x 10-4

std m3 s- , L =5.0 x 10-5 m3 5-1, Y
NO

. ~ 0.05, and P
T

= 1.1 atm.
x,~n
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Fig. 18. Experimental nitrogen oxide conversions at varying liquid
rates and model predictions over the range of (IITK/H)N

z
0

4
values from runs

10-4, 10-5, 10-6, 10-7, and 10-8. Other parameters were G ~ 3.2 x 10-4

std m3 s-l, H = 0.90 m, YNO . ~ 0.05, and P
T

= 1.1 atm.
x,l.n
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Table 12. The experimental and modela predicted conversion
of NOx for a feed gas containing NO* and NO~

Run

10-29

10-30

10-31

Experimental

0.648

0.821

0.779

Calculated

0.544

0.737

0.693
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ORNL DWG. 80- 7020

1.00,------,.-----,-----....,

0.90

x
o
Z 0.80

X

0.70

O. 60 I-------'-----------~
0.0 0.10 0.20 0.30

COLUMN HEIGHT (m)

Fig. 19. Experimental and model predicted conversion at varying
column heights from runs PTR-19, PTR-20, PTR-2l, PTR-22, PTR-23 , and PTR-24.
Other parameters were G = 3.3 x 10-4 std m3 5- 1 , L = 4.5 x 10-5 m3 s-l,
YNO . = 0.10, and P

T
= 1.10 atm. '

x' l.n
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studies are presented in Appendix D. In depletion studies conducted

using the smaller diameter tower at fairly low gas-rate to liquid-rate

ratios, the depletion processes seem well described by the Abel-Schmid

(1928a) stoichiometry. In depletion studies conducted using the larger

diameter column at much higher gas-rate to liquid-rate ratios, the

depletion processes apparently involve both the decomposition, described

by Abel and Schmid, and physical desorption of HNOz. The depletion of

nitrous acid determined experimentally is compared to that calculated by

the absorption/desorption model in Appendix E. Although there is good

agreement in this particular comparison, further comparison at a

mechanistic level is rather inconclusive.

Overall, predictions using the mathematical model, developed in

this activity, compare reasonably with the obtained experimental data.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

1. Conclusions

1. The mathematical model developed in this activity represents the

nitrogen oxide scrubbing results over a wide range of conditions.

2. Moderate depths of packing can achieve fairly high nitrogen oxide

removal efficiencies at similar conditions to those studied.

3. The scrubbing of NO! feed gases leads to an almost equal molar

production of nitric and nitrous acids.

2. Recommendations

1. The mathematical model developed in this s~udy should be used for

the simulation of nitrogen oxide absorption in packed towers under

similar conditions to those studied.

2. Further experimental results will be needed at lower nitrogen oxide

partial pressures, at lower temperatures, and at higher nitric acid

concentrations before further model development may proceed.

3. The future study of nitrogen oxide absorption in packed towers

should be done using packing with well-studied mass-transfer

characteristics.

4. Studies to determine (~/H)N203' ~02' and HHN02 for a wide range

of temperatures and acid concentrations should be conducted.

5. Further studies into the decomposition of nitrous acid at various

nitric acid concentrations and temperatures should be conducted.

129
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6. Further model testing and evaluation will be necessary to determine

the model's usefulness for predicting nitrogen oxide removal in

packed towers when the feed gas contains steam and/or the feed

scrubbing liquor contains nitrous acid.
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APPENDIX A

THE CALCULATION OF THE GAS-PHASE PARTIAL PRESSURES

The important gas phase components are NO, N02' N203, N204, and

HN02' The important gas-phase equilibrium reactions, as shown in

Equations (1), (2), and (3), are:

md

NO (g) + N02 (g) + H20 (g) ~ 2HN02 (g) .

These components are calculated from known partial pressures of PNO* md

PNO* and defined by Reactions (115) and (116),
2

md

Additional relationships of the total partial pressure of nitrogen

oxides, PNO ' and the difference between PNO* and PNO*' ;, are defined
x 2

by:

139

(A.I)
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~d

(A.2)

The component partial pressures may be expressed as functions of PNo and

P
N02

' using the equilibrium reactions as expressed in Reactions (117),

(118), and (119),

~d

Substituting the previous equations into Equations (A.l) and (A.2)

yields:

(A.3)

~d

(A.4)

The values of P
NOx

and ~ can be calculated from PNO* and P
N02

' Equations

(A.3) and (A.4) now contain a total of two unknowns. These equations are

solved numerically using the HYBRDI subroutine. This subroutine will be

described in the MINPACK Documentation Package, currently being developed

by the Applied Mathematics Division, Argonne National Laboratory, Argonne,

Illinois.



APPENDIX B

DERIVATION OF THE CONVERSION OF NO TO N02 IN THE GAS-PHASE

OF A PACKED COLUMN

The gas flowing through a packed tower is considered to be in plug-

flow. The steady state material balance for NO around a differential

gas space is

input = output
of NO of NO

disappearance
+ by reaction (B .1)

These input, output, and disappearance terms in kg-mol s-l are G(PNO). /
1 ln

(RT), G(PNO)out/(RT), and [-rs/(RT)] dV. Inserting these terms in

Equation (B. 1),

noting that

and

and using Equations (B. 1), (B.2), and (B.3),

(B.2)

(B.3)

(B.4)

(B.5)

which after rearrangement and division by RT yields:

141
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(B.6)

Further rearrangement yields an integrable form,

(B.7)

The reaction rate may be expressed as:

(B.8)

Substituting Equation (B.8) into (B.7) yields:

1 v1 dV
a

1"No dXNO
(B.9)=

a (1 - (PNO)in
"No)ks [(PNO) in (l - ~O)]2 I(P02)in 2(PO ).

2 ln

Further rearrangement yields a simplified expression:

k S (PNO)' (PO ).ln 2 ln

G
Iv dV = l~o d_X_NO---::~_::_--__

(P ) .
a a (1 _L ) 2 (1 _ NO in x__ )

--NO 2 (PO ). --NO
2 ln

(B .10)
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The right-hand side of this equation is in the form of

J dx
(a + bx)2 (a' + b'x)

which is integrated as (Selby 1967):

1
(a

1 b'
a b' - a'b bx

+
b' a'b+ a -

Defining

a = 1 ,

b = -1 ,

a 1 = 1 ,

and

b' = -(PNO)' /(2PO )' .ln 2 ln

a' + b'X)
tn a + bx .

(B.ll)

(B .12)

The following equation is obtained (retaining b' for simplicity):

kS (PNO)in (P02)in V

G

and upon rearrangement,

ks (PNO)' (PO)' Vln 2 ln

G

1 b'

- X
NO

,+ b' + 1 tn

1 b'

- ~O + 1 + b' Q,n

1 + b 1 XNo J
1 + XNO

(B .13)

1 + b' XNO J_
1 - ~O - 0 .

(B.14)

Solution of this polynomial involves finding the root, XNO ' between zero

and 1. This solution is accomplished using a simple bisection routine.



APPENDIX C

CALCULATION OF INTERFACIAL NO -HNO PARTIAL PRESSURES
x x

The following development proceeds very similarily to that of

Corriveau (1971) except that mass-transfer and reaction in the liquid

phase is included in the interacting relationships. The gas-phase

assumed to apply in the gas film and at the gas-liquid interface. The

important equilibrium considerations are Reactions (1), (2), and (3).

~d

NO (g) + N02 (g) + H20 (g) # 2HN02 (g) .

The partial pressures of gaseous NZ04, Nz03, and HN02 may be expressed

in terms of NO and N02, utilizing constants for the previously mentioned

equilibrium reactions as Reactions (117), (118), and (119):

~d
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The partial pressure of NO~ and NO* and their difference can be expressed

as:

(C .1)

(C.2)

and

(C.3)

A flux of component i through the gas film may be represented by

= _ VG,i (dP i )
Ri RT dx .

By multiplying and dividing the right-hand side by the inverse film

thickness, (1/8), the following equation is obtained:

(C. 4)

(C.S)

Further simplification is obtained by introducing the gas-phase mass-

transfer coefficient, kG ", and a dimensionless film thickness, ~:
,1

(C.6)

The local absorption rate of NOz and NO* is expressed in terms of the

gas-film mass-transfer coefficient and a dimensionless film thickness,

~, as
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dPNO*
2

~O~ = -kG NO* dz:;, 2

and

~O* = -kG,NO*
dPNO*

dz.;

Utilizing Equations (C .1) and (C.2) ,

dPNO* dP
N02

dP
N204

dP 1 dPHN022 N203
= + 2 + + -dz:; dz:; dz:; dz:; 2 dz:;

and

dPNO* dPNO
dP

N203
dPHNO1 2

dz:;
=-+ dz:; + - dz:;dz:; 2

(C.7)

(C.8)

(C.9)

(C.I0)

The gradients of N204, N203, and HN02 in the gas film may be expressed

in terms of NO and N02 as:

dP
N02

= 2K1 PN02 dz:; (C.11)

and

dP
N02

= K2 PNO dz:; (C .12)

dP
HN02

dz:; (

P )1/21 NO
= 2 K3 PH 0 -P--

2 N02

(C.13)
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The fluxes of N0i and NO* through the gas film are calculated using

appropriate gas-phase mass-transfer coefficients as:

]

dPNO
+ ~ k (K P P /P )1/2 2

4 G,HN02 3 H20 NO N0 2 d~

and

(C. IS)

(C.16)

The absorption/desorption of the indicated gas species through the

liquid film is represented by:

and
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~o*

Defining E to be 1 for physical absorption and assuming the hydrolysis

reactions of N203 and N204 to be fast and pseudo-first order, pending

justification in Appendix F,

~d

+ kL NO (C~O - CNO)' (C.20),

Using the assumption that Henry's Law applies at the gas-liquid inter-

face [Co =H(o) Po],
111

+ -2
1

(kL/H)HNO PH*NO - -2
1

kL HNO CHNO ' (C.21)2 2 ,22

~_ = ( ~/H) p* 1 (k /H) p* - l k C-NO* YVK, N203 N20 3 + 2 L HN02 HN02 2 L,HN02 HN02

~d
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(C.23)

Separating the variables in Equation (C.16) and preparation for integra-

tion yields:

r;
-R~ f dr;

o
dPN02 + 4 kG Kl,N204

Integration of the above equation yields:

(C.24)

Substituting R_ for the liquid phase, Equation (C.23), into Equation
t,

(C.25) yields, after some rearrangement,

aP
N02

+ b (p* ) 2 - c P
N02 - e P~02 + f PNO + g CNON02

PNO = f + h (C.26)

where

a = kG, N02 + (kL/H)N02 '

b = 2k Kl + 2(VOk/H)N204 Kl ,
G,N2 04
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c = kG,NOZ

e = 2k Kl ,
G,Nz04

f = kG,NO ,

g = k ,L,NO

and

Equation (C.26) relates PNO to PNO ' PNOz ' PNOz at a depth ~ in the gas

film and is important later in the development.

Rearranging Equation (C.15) yields:

where

~O + (m) (dPNOz/d~)

1
, (C.27)

and

Substitution and rearrangement of Equation (C.27) into Equation (C.14)

yields:

dP
NOZ

d~
=

-(l)(~02) + (m) (~O*)

(t) (1) - (w) (y)
(C.28)
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where ~O* and ~O* are defined in Equations (C.19) and (C.20),
z

t = k + 4 K Kl P + k K PG,NOz G,NZ04 NOz G,Nz03 Z NO

k Kz P
NOz

1
(K3PHZOPNOzIPNO) lizw = + - kG,Nz0 3 4 G,HNOz

and

y = k Kz PNO + .!.k (K3PHZOPNO/PNOZ) lizG,Nz03 4 G,HNOz

This equation for PNO has been solved numerically by a "shooting"

method using subroutines RKF45 and ZEROIN (Forsythe, Malcolm, and Moler,

1977); this solution process requires the simultaneous solution of

Equation (C.26) for PNO' The absorption of HNOz is not allowable by the

mathematical model presented in Chapter V. In order to prevent the

absorption of HNOz, the single component flux of HNOz is tested; if the

flux is absorptive then k is made equal to zero. This will allowL,HNOz

the desorption of HNOz and prevent its absorption.



APPENDIX 0

THE DEPLETION OF AQUEOUS NITROUS ACID IN PACKED TOWERS

The depletion of nitrous acid from aqueous nitric-nitrous acid

solutions during contact with various gases was investigated using

columns packed with Intalox saddles as the contacting device. These

studies were conducted at 298 K and near atmospheric pressure. The

liquid phase was recirculated in these studies. These studies were

designed to estimate the effects of gas flow rate, liquid flow rate,

column height, and the oxygen content of the contacting gas on the

depletion process(es).

The primary response variable was the conversion or removal

efficiency of aqueous nitrous acid in the packed tower,

C - CHNOz,in HNOz,out
XHNOz = C

HNOz,in

(0.1)

Other response variables were the molar ratio of HN03 produced to HNOz

disappearing, R*, and the molar ratio of NO produced to HN02 disappearing,

R**. These parameters are indicators of the extent that Reaction (28f),

3HN02 (t) + HN03 (t) + H20 (~) + 2NO (g) ,

describes the depletion process. If Reaction (28f) is completely

descriptive then R* and R** should be -1/3 and -2/3 respectively. If

the depletion involves the desorption of Nz03 or HN02 as described in

terms of an overall reaction by

152
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2HN02 (Q,) ~ NO (g) + N02 (g) + H20 (Q.) , (0.2)

the values of R* and R** will be ° and -1/2 respectively. In experi-

ments involving the contact of nitrous acid solutions with nitrogen,

the hypothesis that R* and R** are -1/3 and -2/3 or that these quantities

are 0 and -1/2 will be tested. In other experiments, the extent that

the presence of oxygen in the contact gases influence R* and R** will

be studied.

The feed gas to the column during these operations contains no NO;

an analysis for NO in the effluent gas was conducted during later runs.

In all runs, the feed and effluent liquid streams were sampled. These

samples were analyzed for total acidity and nitrous acid; the total

acidity was assumed to be attributed to the sum of the nitric and nitrous

acids. Based on this assumption, the change in total acid concentration

can be represented by:

(0.3)

The quantity, R*, can be obtained by a rearrangement of Equation (0.3);

R* = = (0.4)

The rate of change in nitrous acid concentration in the system is related

to the production rate of NO in the off-gas from the tower by:

P
NO, out

RT
(0.5)
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Thus R** may be obtained by:

R** (D.6)

In these studies, nitrous acid was produced initially by bubbling

N203 through 0.025 m3 of water in the liquid hold-up tank; nitric acid

is produced simultaneously by some decomposition of HN02 (see also

Chapter IV). This aqueous solution was then metered continuously to the

packed column where it was contacted with the selected gas-nitrogen,

air, or oxygen. The effluent solution from the column flowed by gravity

back to the liquid hold-up tank. Recirculation of this solution provided

a means of obtaining information on the depletion process(es) over a

range of nitrous acid concentrations. The two packed towers used in

these studies were O.0762-m-ID with 6-mm Intalox saddles and O.102-m-ID

with l3-mm Intalox saddles. The feed and effluent liquid streams were

sampled for total acid and nitrous acid. In the studies with the 0.102-m

tower, the off-gas was also analyzed for NO. The experimental data for

the described studies is presented in Tables D.l through D.4. The data

was usually taken by duplicate sampling.

D.l. Analysis of X
HN02

from the Studies

with the O.0762-m-ID Column

The first series of experiments, A through D, utilized a 23- 1

factorial design to study the effect of gas flow rate, liquid flow rate,

and packing height (volume) on the extent of nitrous acid conversion,

~N02' in the small diameter tower. The concentrations of nitrous acid
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in the feed and effluent streams vs experimental time for these runs are

shown in Figures 0.1 through 0.4. The Equation (0.7) was fit to data

from runs A, B, and C,

log C
HNOz

= a + b (t)

while Equation (0.8) was used to fit the data from run 0,

-1
(CHNOz) = a = b (t) .

(0.7)

(0.8)

The unknown constants, a and b, were estimated by method of least squares

and are listed in Table 0.5. The calculated values of the inlet and

outlet nitrous acid concentrations were used to compare the conversion of

nitrous acid at points of equal concentration. The effects shown in

Table 0.6 were estimated by a Yates algorithm [Box, Hunter, and Hunter

(1978)]. A main effect is the average change in response per unit change

in process variable.

This analysis shows that as the concentration of nitrous acid

entering the tower is increased: (1) the effect of the change in liquid

flow rate (L) decreases (actually shown to impede the depletion of

nitrous acid at higher nitrous acid concentrations), (2) the effect of

gas rate (G) increases, and (3) the effect of the change in height (H)

generally decreases.

Another way of viewing the effects of the independent variables is

to show the effect in a relative sense. The relative main effects are

obtained by dividing the effect given in Table 0.6 by the average HNOz

conversion; the relative main effect of variable i is
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Figure 0.1. Column feed and effluent nitrous acid concentrations
vs time for experiment A.
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Figure 0.2. Column feed and effluent nitrous acid concentrations
vs time for experiment B.
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Figure 0.3. Coluum feed and effluent nitrous acid concentrations
vs time for experiment C.
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Figure D.4. ColuIIm feed and effluent nitrous acid concentrations
vs time for experiment D.



164

Table 0.5. Coefficients used in the fitting of the
HNOz concentrations vs time data

Coefficient

Run a b

A (inlet) -1.31 -3.118 x 10- 5

(outlet) -1. 358 -2.816 x 10- 5

B (inlet) -1.298 -4.856 x 10- 5

(outlet) -1. 333 -4.771 x 10- 5

C (inlet) -1.257 -3.412 x 10- 5

(outlet) -1. 293 -3.365 x 10- 5

0 (inlet) 19.552 0.00250

(outlet) 21.178 0.00252
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Table 0.6. Experimental depletion conversions of HN03
for a 23- 1 factorial study of the depletion of

nitrous acid in packed towers

Variables - (low) +(high)

L (scrubber liquid flow rate), m3 s-l 1. 75 x 10- 5 3.50 x 10- 5

G (feed gas flow rate), m3 s-l 1.57 x 10- 4 3.24 x 10-4

H (packing height), m 0.15 0.30

Removal efficiencies (X
HN02

) at varied C
HN02, in

Variable arrangement CHN02 ,in

Run L G H 0.015 0.020 0.025 0.030 0.035

A + -0.0035 0.0240 0.0449 0.0616 0.0750

B + + + 0.0579 0.0626 0.0663 0.0692 0.0718

C + 0.0637 0.0674 0.0703 0.0726 0.0746

0 + 0.0268 0.0340 0.0412 0.0482 0.0551

Average 0.0380 0.0470 0.0557 0.0629 0.0691

Effects of Variable (Yates method):

L +0.009 +0.003 -0.0039 -0.008 -0.012

G -0.018 -0.007 -0.002 +0.005 +0.009

H +0.049 +0.036 +0.0253 +0.016 +0.008
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(0.9)

The relative effects of L, G, and H, shown in Figure D.S as ¢L'

¢G' and ¢H' change as a function of the feed concentrations of nitrous

acid, CHNO . • The relative effect of the change in column height,
2,ln

~H' decreases from near unity to near zero as the concentration of nitrous

acid increases oVer the range of CHNO . . The effect of the liquid
2,ln

rate likewise becomes less prominent with increasing nitrous acid strength.

However, the gas rate effect becomes increasingly more pronounced as

the concentration of nitrous acid increases.

If it is assumed that mass-transfer is important to some extent

in this depletion process, then it seems appropriate to view these

experiments from a vantage point that includes how the indicated variable

manipulation affects the mass-transfer resistances. The increased

column height is directly proportional to interfacial area and liquid-

and gas-residence time in the tower. The increase in liquid flow rate

increases both the liquid-phase mass-transfer rate constant(s) and the

gas-liquid interfacial area. The increase in gas flow rate increases the

gas-phase mass-transfer rate constant(s). Based on the assumption of

the importance of mass-transfer on the depletion of aqueous nitrous acid,

the following theory may be proposed for experiments A through 0:

(1) liquid-phase mass-transfer is becoming less important with increasing

nitrous acid concentration, while the converse is true for the gas-phase

mass-transfer; in other words, the primary mass-transfer resistance is
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Figure 0.5. The relative main effects of the manipulation of L, G,
and H on XHNOz at varying CHNOz,in.
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shifting from the liquid to the gas-phase with increased nitrous acid

concentration, and (2) the effect of additional interfacial area and

residence times becomes of less importance with increasing nitrous acid

strength.

0.2. Analysis of R* from the Studies

with the O.0762-m-ID Column

The feed concentrations of total and nitrous acid to the contactor,

CH+. and CHNO . , represent the system concentrations at a given time,
,ln 2,ln

assuming that the liquid hold-up tank is well mixed. Thus, the quantity,

R*, may be determined from the slope of CH+ as a function of C
HN02

'

These plots are presented in Figures 0.6 through 0.9. The values of

R* for experiments A through 0 and a 95% confidence interval is presented

in Table 0.7. On the basis of the information in Table 0.7, the hypothesis

that R* is zero is rejected with 95% confidence; the hypothesis that R* is

-1/3 cannot be rejected. From the median values of R*, it would seem to

indicate that Reaction (28f) is dominant and Reaction (0.1) is also

involved to a limited extent in the depletion of aqueous HN02'

0.3. The Effect of Air and 02 on ~N02 and R*

from the Studies with the O.0762-m-ID Column

Experiment A was rerun in experiments E and F with air and oxygen

as the respective contact gases. The purpose of these runs was to

determine the role that oxygen played in the depletion process(es). Since

the direct or indirect oxidation of nitrous acid is a known phenomena,

it was anticipated that oxygen would affect to some extent the HN0 2
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Figure D.6. The change in the system total acid concentration as a
function of the changing nitrous acid concentration in experiment A.
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Figure D.7. The change in the system total acid concentration as a
function of the changing nitrous acid concentration in experiment B.
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Figure 0.8. The change in the system total acid concentration as a
function of the changing nitrous acid concentration in experiment C.
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Table 0.7. Values of R* and a 95% confidence interval for
experiments A through D

95% confidence

Degrees of interval about

Run (dCH+/ dCHN02 ) freedom (dCH+/dCHN02)

A 0.78 4 (0.61, 0.95)

B 0.72 5 (0.62, 0.82)

C 0.70 6 (0.65, 0.75)

D 0.70 4 (0.61, 0.79)

95% confidence
Run R* interval about R*

A -0.22 (-0.39, -0.05)

B -0.28 (-0.39, -0.18)

C -0.30 (-0.35, -0.25)

0 -0.30 (-0.39, -0.21)
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conversion, XHNOz ' or the ratio of nitric acid produced to nitrous acid

disappearing, R*.

The feed and effluent nitrous acid concentrations vs time are shown

in Figures D.IO and D.II for runs E and F respectively. The unknown

constants in Equation (D.6) were estimated from the concentrations in

experiments E and F and are listed in Table D.8. From the slope of the

logarithm of CHNo . vs time, the following observations were made:
2,ln

(1) Little effect of oxygen on the conversion of nitrous acid was noted

when comparing runs A and E (Tables D.S and D.8); however, the conver-

sion is remarkably different for runs A and F. (2) This data indicate

that oxygen has little effect on the depletion rate at air concentra-

tions but can have a substantial impact on the rate when pure oxygen is

used as the constant gas.

The ratio of the production of nitric acid to the depletion of

nitrous acid was also studied in experiments E and F. Plots of the

change in total acidity vs nitrous acid are presented in Figures D.12

and D.13. The value of R*, as shown in Table D.8, increases to about

0.8 in these experiments as the partial pressure of oxygen in the con-

tact gas is increased to near 1. This effect is significantly different

from a or -1/3 at a 95% level and indicates that nitrous acid is being

oxidized by the overall equation,

2HN02 (~) + 02 (~) + 2HN03 (~) , (D.IO)

to an increasing extent as the partial pressure of oxygen increases.
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Figure 0.10. Column feed and effluent nitrous acid concentrations
vs time for experiment E; a rerun of experiment A with air instead of
nitrogen as the contact gas.
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vs time for experiment F; a rerun of experiment A with oxygen instead of
nitrogen as the contact gas.
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Table 0.8. Results from experiments E and F

Coefficients used in the fitting of the nitrous acid concentrations

vs time data for experiments E and F using Equation (D.6).a

Coefficient

Run a b

E (inlet) -1. 264 -3.55 x 10- 5

(outlet) -1.299 -3.48 x 10- 5

F (inlet) -1. 277 -4.697 x 10- 5

(outlet) -1.372 -3.972 x 10- 5

R* and a 95% confidence interval for experiments E and F

Run

E

F

Run

E

F

0.27

0.20

R*

-0.73

-0.80

Degrees of
freedom

4

2

Degrees of
freedom

4

2

95% confidence
interval

(a.44, O. 11)

(0.16, 0.23)

95% confidence
interval

(-0.56, -0.89)

(-0.84, -0.77)

~he slope at the higher C
HN02

values of run F was used in this analysis

. as two slopes are indicated.
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D.4. Analysis of the Data from the Studies

with the 0.102-m-ID Column

The desorption of nitrous acid was further investigated in a

O.I02-m-ID tower packed with 13-mm Intalox saddles. These experiments

were conducted much in the same manner as previously mentioned experiments

with Nz as the contact gas, except that the mole fraction of nitric

oxide in the effluent gas was also determined.

The concentrations of nitrous acid in the feed and effluent liquid

streams are shown in Figures D.14 and D.IS. Logarithmic Equation D.7

was used to fit the data from these runs and is also shown in Figures

D.14 and D.IS. Experiment H covers a wider range of nitrous acid concen

trations and could not be fit well with either Equation D.7 or D.S.

The feed concentrations of nitric and total acids are plotted in

Figures D.16 and D.17. From the slope of CH+ as a function of CHNOz '

the quantity, R*, is determined in Table D.9. The value of R* for experi

ment G is apparently in error. The value of R* for experiment Hand

its confidence interval does not include 0 or -1/3 but lies between

these values. This indicates that the desorption reaction mechanisms

probably includes both Equations (2Sf) and (D.2).

The partial pressure of nitric oxide in the column effluent gas

is related to the disappearance of system nitrous acid for experiments

G and H in Figures D.lS and D.19. From the slope of PNO vs dCHNOz/dt, the

values of R** may be computed. Two slopes representing two values of R**

for experiment H seem plausible. The confidence interval for R** at higher

nitrous acid concentrations in experiment H does not include 2/3, but it

is fairly close. The value of R** for the lower nitrous acid concentrations
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vs time for experiment H.
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in both experiments G and H includes 1/2, indicating that Equation (D.2)

represents the mechanism of HN02 desorption at lower nitrous acid concen

trations.

D.S. Summary

The desorption of nitrous acid in packed towers involves both

Reactions (28f) and (D.2) respectively,

3HN02 (i) + HNOg (i) + H20 (i) + 2NO (g) ,

and

The data clearly indicate that Reaction (28f) predominates in the

results from the smaller diameter tower. In the results from the larger

diameter tower, the conclusions are less clear; apparently, Reaction

(28f) predominates at the higher HN02 concentrations, and Reaction (D.2)

predominates at the lower HN02 concentrations. It should be emphasized

that the gas rate to liquid rate ratio was much larger in the larger

diameter column than the smaller column.

From the smaller diameter column data it appears that as the nitrous

acid concentration varies from low to high concentrations, the mass

transfer resistance shifts from the liquid to the gas phase.



/
APPENDIX E

THE MODEL PREDICTION IN THE DESORPTION MODE AND

COMPARISON WITH EXPERIMENTAL DATA

The mathematical model which was developed in Chapter V was used to

predict the depletion of HN02 for conditions similar to those in run H.

The experimental data from this run are given in Table D.4. The model

prediction of X
HNOz

vs the experimental results are presented in

Figure E.l.

The model predicts R* and R** values of 0 and -1/2. This indicates

that the model predicted depletion of nitrous acid in these studies was

entirely due to the desorption of HNOz. This is in disagreement with

the experimental results, which indicates that both the desorption and

the bulk liquid decomposition of HNOz was occurring. The bulk liquid

phase decomposition rate in the model was bounded by Equation (86),

developed by Komiy~~a and Inoue (1978). The liquid volume was approxi

mated by the term £L Vcol for use in the model. Further research in the

depletion phenomena in packed towers appears to be necessary to improve

the credibility of the model predictions for aqueous HNOz depletion

calculations.
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APPENDIX F

REACTION REGIME FOR THE HYDROLYSIS OF NZ04 AND Nz03 IN

COLUMNS PACKED WITH 6- AND l3-MM INTALOX SADDLES

The criteria for a fast pseudo-first-order reaction of component A

dissolving in and reacting with Bare (Danckwerts, 1~70):

(F.l)

The liquid-phase mass-transfer coefficient usually varies between 4 x 10- 5

to 9 x 10- 5 m s-1 for the bulk of these studies. For dilute solutions,

B is nearly unity, and the value of vVk for NZ04 and Nz03 are 8.4 x 10-4

and 6.2 x 10-4 m s-1 (Dekker et al., 1959; Corriveau, 1971). The dif

fusivity of Nz04 and Nz03 are approximated by 1.4 x 10- 9 and 1 x 109 m2 s-l

(Kramers et al., 1961; Corriveau, 1971). The diffusivity of water is

estimated at 2.6 x 10- 9 m2 s-l. Upper limits for interfacial partial

pressures for Nz04 and Nz0 3 are estimated at 1 x 10-z and 3 x 10-4 atm.

Utilizing the Henry's Law constant for these species (given in Table 3),

the interfacial concentration of these species is estimated at 1.3 x 10-2

and 1.26 x 10-4 kg·mol m- 3. Evaluating Equation (F.l) at the high

values of kL for Nz04 and Nz03 absorption and reaction yields:

2.7 x 10- 4 < 6.4 x 10-4 < 6.5 x 10- 3 ,

and
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similarily evaluated at low values of kL,

1.2 x 10- 4 < 8.4 x 10-4 < 2.9 x 10- 3 ,

~d

It appears that for the bulk of the work (the studies conducted in the

larger diameter tower) the criteria for a fast reaction are met. This

test is import~t because at the lower limits of mass-transfer coeffi

cients in packed towers, the fast reaction assumption is questionable.

There is some uncertainty in the validity of this assumption for the

smaller diameter column and its 6-mrn packing. However, in view of the

uncertainty in calculating the mass-transfer coefficients for this

packing, the fast-reaction regime is assumed to apply.



APPENDIX G

COMPUTER PROGRAM

This computer code, which is written in FORTRAN, consists of a main

program and a number of subroutines. This program was used to predict

the NO scrubbing results at conditions similar to those of the experiments.x
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BPLICIT REAL*8 (A-H,O-Z)
REAL*8 K,KG,MUGAS,KL
DIMENSION K(J) ,DELP(10),RATE(10),H(101 ,P(10),PSTAR(10)

* ,F(3),POUT(10) ,KG(10)
C THIS PROGRA~ IS IN CGS UNITS
C A IS THE GAS -L IQUID INTERFACIAL AR EA
C ACOLIS THE AREA OF THE COLU:'!N
C CHNO) IS THE CONCENTRATION OF HNOJ IN THE LIQUID PHASE
C CHN02 IS THE CONCENTRATION OF HN02 IN THE LIQUID PHASE
C COMPONENT 1 IS N02*
C CO MFORENT 2 IS NO*
C CO MPONENT J IS 02
C COMPO~ENT 4 IS !2
C CO IiPON ENT 5 IS NO 2
C COMPONENT 6 IS N204
C CO I'1PQNENT 1 IS H203
C CO I1PONENT 8 IS HN02
C COMPONENT q IS NO
C COMPONENT 10 IS H20
C OP IS THE DIAMETER OF THE PACKING
C DELZ IS THE INCREMENTAL COLU~N HEIGHT
C EPIDRY IS THE VOID FRACTION OF THE DRY COLUMN
C EPI IS THE VOID FRACTION OF THE COLU~N

C FACTOR IS USED TO ACCOUNT BULK LOSS OF GAS PHASE
C nux 1:S A PARTIAL PRESSURE FLlJX
C K ts AN EQUILI3RIUI'1 CONSTANT
C KG IS THE GAS PHASE MASS TRANSFER COEFFICIENT
C KL IS THE LIQUID PHASE '1SS TRANSFER COEFFICIENT
CHIS HENRY'S LAW CONSTAn
C P IS THE BULK PHASE PARTIAL PRESSURE OF COMPONENT I
C PSTAR ISINTERF!CIAL PARTIAL PR'?SSURE OF CO:1PONENT I
C POUT IS PARTIAL PRESSURE OF COMPONENT I LEAVING INCRE~ENT

C R IS UNIVERSAL GAS LAW CONSTANT
C RCOL IS THE RADIUS OF THE COLOMN
C T IS TE'PE HATURE (RELV I:'f)
C VCOLIS THE INCREMENTAL VOLlJ~N OP THE COLUMN

NPASS= 1
K (1) =6. 76DO
K (2) =,0. 522DO
K (3) = 1• 74 D0
SQRTK~=16 9.400
H(S)=24.4D3
11 (6) =2.5903
Ii (7)=0. 76 q 03
Ii (8) =o. 0 30 5D3
H(9}=531.D3
P(10)=0.031DO
AK PR I~=IC (3) *P ( 10)
SQRAKP=DSQRT (AKPRHI)
EN 203= 1. 59D- 4
EN204= 11. 00- 5
ERRR=O.ODO
COMP=O. 000
REAO(5,101) NeASE

101 FO RIUT (12)
DO 100 II=1,NCASE
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ERRR=ERRR+OABS (COMP)
REA0 (5 , q) RUN, HCOL , GIN, At, T , Y1 I , Y2I, Y12 0
READ(5,Q}C2IN,C3IN,CHN02,CRN03,PT,RCOL,OP,AIR

9 FOR/UT (8D7. 3)
WRI'rE(6,92)

92 FORMAT{10X,'RAW OATA',/)
iRITE(6,91)RUN,HCOL,GIN,AL,T,Y1I,Y2I,Y120
WRITE(6,91)C2IN,C3IN,CHN02,CHN03,PT,R:OL,DP,~IR

91 FORllIAT(8D14.4)
FL=YlIH2l
PSI=Y120/TL
XNOXE: (1. ODO-PSI) / (1. ODO-PSI*FL)
CHN02= 1. OD-4*CRN02
CHN03=1.0D-4*CHN03
CRN02l= 1.00- Q*C2IN
CHN03I=1.0D-4*C3IN
R= 85.0500
AMG=XNOXE*GIN*FL/ (R*T)
Al'!L=AL* (CRNO 2+CHNO 3-CHN02 r-c HN03I)
AMATBL=AML/A ~G

DELZ=1.00000
RI NC=ffCOL/OELZ
NINCT=RINC
GIN=GI~/PT

RHOLIQ= 1.0 DO
OELPNO=O.ODO
P ( 1l =PT*Y 1I
P (2) =PT*Y21
P1 20UT:Y 120* PT
PR02IN=P(1)
PNOIN=P (2)
NPASS=O

C SPECIFIC FOR 6MM PACKEOG
EPIDRT=0.74
IF (OP. GT. 1.000) EPIORY=O. 7300
c20UT=CHN02
C30UT=CHN03

C NEW CONVERGANCE FRO" HIGH ACID SIDE
C

CHN02=1.5DO*CHN02
CHNOJ=1.500*CHW03
XC2=CHN02
XC3=CHN03

C
CNO=SQRTK4*CHN02**1.5/(CHN03*H(9»

R=82.05DO
ADRY=9.800
IF (DP. GT. 1.000) ADRY=4. 800
PI=3.141S926500
ACOL=!?I*RCOL** 2.
VCOL=ACOL*OEI.Z
PSUMO=PT
IF(OP.GT.1.0DOIGOT0181
CALL HOLDU P (DP ,AL, RHOLIQ, ACOL, EP It)
GOTO 18 2
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181 CONTI!fUE
EPI!.=0.0700
IF (AI.. GT. 40.000) r;:PIL=. 0900
IF (I\L. Gl'. 6 0.000) EP IL=. 1100

1A2 CO NTINUE
EPI=1.01)Q-EP IDRY-EPIL
VLIQ=P.PIl*VCCL
VGAS= (1. OOO-EP I) *VCOL
AGAS=ACOL* (1.0 DO-EPI)
PUR=PT'" p. 0 DO -P (1) -P (2) -P (10) )
CAIR=0.21DO
IF(AIR.LT.l.5DO)CAIR=0.ODO
P ( 3) =C AI R*P ALR
P(4)=(1.0DO-CAI~)*PAIR

P02IN=P (3)
PN 21N= P (4)
G=GIN.PT/ (PT-P (10) )
GIN=G

C IF(DP.GT.l.0DO)GOT02
IF (P(3) .LE. O.OOO)GOTO 2
IF (P(2) .LE. O.OOO)GO TO 2
CALL NOOIID (2,T,P(2) ,P(3) ,1100.000,:;,XNO)
P ( 3) =P (3) • {1 .0 0 0-P ( 2) * XNO/ (2. 0 DO. P (31 I )
P(11=P(1) +P(2) *XNO
P (2) =P (2) ... (1.0 DO-XNO)
GO TO 6

2 XNO=O.O
6 COnINlJE

AI;=G
CA LL GP~rc (AG, AL, T, P, P't', ACOL, RIfOLIQ, ADRY, OP, KG)
CALL V!SCOS (PT,P,T,MUGAS)
AL=&L
IF COP. G'1'.1.0DO) GOT0176
CALL !AREA (l'llJGAS,RHOLIQ,AL,ADRY,ACOL,A)
CALL LP~TC (ACOL,AL,RHOLIQ,A,,a,nRY,DP,KL)
GOTOH7

176 Kl-=6.40-3
A=2.2500
IF(AL.GT.40.0nO)KL=6.50-3
IF (AL. GT. 40.000) A=2. 700
IF (At. (; T• 6 O. 00 0) KL=7. 20- 3
IF (AL.GT.60. ono) A=2.95DO

177 CONTINUE
WRITE (6,21) EPIL,A,n,KG(5),KG(6),KG(7),KG(8),KG(9)

BETA=A*VCOL/OELZ
3 CONTINUE

PA=P (1)
PB=P(2)
CALL GGCON (P)

BB CONTUUE
C WRITE (6,21) EPIL,A,KL,KG(S),KG(61,KG(7),KG(8),KG(9)

21 FORli\AT(A012.4)
C liRITE(6,4) NICRE,G,P (1) ,P(2) ,P(3) ,P(4" pes) ,P(6) ,P(7) ,P(8) ,P(9)

4 FOR!"!A! (I3,2X,P'S.O,9(2I,F7.6)
PSUI1N=1? (3) +P (4) +P (5) +P (6) +I? (7) +P(8) +1.> (9) +P (10)
FACTOR=(PSUI10-PSU~N)/PSU~0
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G=G* ( 1 • - FACT OR )
GV"'G/AGAS
DO 1 I = 2,8
P (I) ",p (I) I (1.- FACTOR)
CO NTIlfUE
XNO=1.100
IF (P (9) • U:. 0.000) XNO=O.Ona
IF (P(3) .LE. 0.000) XNO=O.OOO
IF (XHO • LE. 0.000) GO TO 17
CALL NOOIID (2,'l',P (9) ,P(3) ,IfGAS,G,XNO)
P(3) =P (3) * (1.000-l» (9) *XNOI (2.0DO*P (3»)
OELPNO=i? (9) *XNO

17 CONTINU=:
13 CO NTH ITE

IF (CRNOl .LE. 1.00-6) CNO=O.ODO
IF (CHN02 .LL 0.000) CNO=O.ODO
IF (CNO .LE. O.ODO)GO TO 16
CNO=SQRTK4*CHN02**1.5/(CHN03*H(9)

1 6 CONTINUE
IF (CHN02. L E. 0.0 DO) REXN=O. 0 DO
IF (CHN02. LE. 0.000, GO TO 178
AKKI=2.390-3
TESTK=O.66700*AKKI*KL**.667*CHN02**1.333*EPIL/A**.333

178 CONTINUE
C ABELK=.027D6
C TESTK=0.667DO*ABELK*EPIL*CHN02*CHN03**2/A

CALL FLUX (K.P,EN20l,EN204,KG,H.KL,CHN02.CNO,TESTK.PSTAR)
RATE (5) =KL*PSTAR (5) IH (5)
RATE(6}=EN204*PSTAR(6)
RATE (7) =EN203*PSTAR (7)
RA TE (8) =KL* (PSTAR (8) IR (13) -CHNO 2)
Rl TE (9) =KL'* (PSTAR (q) IH (9) -CNO)
IF (RATE (8) .G 'I. 0.000) RATE (8) =0. 000
IF (RATE(9) .GT. 0.000) RATE(9) =0.000
GOT011'
IF (NPASS.GT. 2' GOT::>111
WRITE (6,112) BICRE, RATE (5) ,RATE (6) ,RUE (7), RATE (8), I:UTE (9)
WRIT E ( 6 , 4) NI CR E , G, P (1) , P (2) , P (3) , P (4) , P ( 5) , P (6) , P (7) , P (8) , P (9)
iRITE (6,4) NICRE,G,PSTAR(l) ,PSTAR(2) ,PSTAR{S) ,PSTAR(6) ,

* PSTAR (7) , PSTAR (8) I PSTAR (9)
WRITE (6,4)NCRE,G,XNO,OELP~O,DELC3~,DeLC3,DELC2,CHN02,CHN03,

* VCOL,CNO
112 FOR!!AT(I3,sn14.S)
111 CO MTI!IUE

C RATE(5)=KG(S}*(P(S)-PST!R(5»
C RATE(6)=KG(6)*(P(6)-PSTAR(6»)
C RATE(l) =KG (1)* (P{7) -PSTAR(7»
C RATE(R)=KG(8)*(P(8)-PSTAR(B»
C RATE(9)=KG(9)*(P(9)-PSTAF(9»
C WR ITF. (6,~) MICRE,::;, PSTAR (1) , PSTAR (2) , PSTAR (5) , PSTAR (6) ,
C * PSTARP),PSTAR(8),PSTAR(9)

99 CONTINUE
IF (NPASS. LE. 1) GOTO' 26

C ABELK=.027D6
C TESTK=O.667DO*ABELK*EPIL*CHN02*CHN03**2

Tf.STD=KL*A* (CNO-PSTAR (9) 1M (9»



C 12'5
12'5
127
126

44

C
C

1 1

150

C
C
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I~(TESTO.GT.!ESTK)GOT0125

GO TO 126
COSTINUE
WB ITE (6,127) NICRE, TESTK, TESTD
FO R'1 Al' (I3 , 2!) 14 • 7)
CO NTINUE
VLIQ=EPIL*VCCL
VGAS= (1. ODO-EPI)
DO 44 I='1,9
DELP(I) =RATE (I)*A*VCOL*R*T/G
P (I) =P (I) -DELP (I)
If (P (I). LE. 0.000) P (I) =0. 000
CO NTINUF
DELC)A=O.5DO*G*(DELP(5)+2.0DO.DELP(6})/(R*~

DELC2A=DELC)A+G*(2.0DO*OELP(7) +DELP(8) )/~*T)
DELC2=OELC2A+1.5DO*G*OELP(9)/(R*T)
DELC3=DELC3~-0.5DO*G*DELP(q)/(R*T)

CHNO)=CHN03-tELC)/AL
CHN02=CHN02-DELC2/AL
XC2=XC2-0ELC2/AL
XC)=XC)-DELC3/AL
IF (CHN02. LE. O. 000) CHN02= 1. OD-9
I~(CHN03.LE.O.ODO)CHN03=1.0D-9

WRITE (6,4)NCRE,G,XNO,DELPNO,DELC3A,DELC3,OELC2,CHN02,CHNOJ,
*' VCOL,CNO

P( 1) =P (5) +2. ODO*P (6) +P (7) +P (8) 12. ODO+DELPHO
P (2)=!? (7) +P (8) 12.0DO+P (9) -DELPNO
NICRE=NICRE+ 1
IF (NICRE • LT. NINCT) GO TO 3
CA LL GGCON (P)
PSUl'I!f=P (3) +P (4) +P (5) +P (6l +P (7) +P (8) +P (9) +P (10)
FACTOR=(PSU~o-PSU~N)/PSU~O

G=G* (1. -FACTOR)
GV=G/1GAS
DO 11 I = 2,8
P (I) =P (I) 1 (1.- FACTOR)

CONTINUE
INOIC= (GIN* (PN02IN+PNOTN) -G* (P (1) +P (2)) I(GTN* (PN02IN+PNOIN»
CO /IIPi=XNOXC-XNO XE
VR ITE (6 , 14 9 )
FORan (' G, PN02, PNO, CRN02, CRN03', /)
WRITE (6,150)GIN,PN02IN,PNOIN,C20UT,C30UT,XNOXC,A~ATBL

FO RMAT (7014.4)
WRITE (6,150)G,P(1) ,P(2) ,CHN02,CHN03,T.NOXE,COMP
CHN02I=0.ODO
CHN03I=0. 0 DO
ADJ2%CHN02I-CR~02

ADJ3=CHN03I-CHN03
AOJ2=CHN02I-XC2
ADJ3=CHN03I-XC3
AA OJ2=OAB S (A OJ 2)
AADJ3%DABS (ADJ3)
IF (NPASS.LE.1) GOT0152
IPfNPASS .GT. 10)GO TO 15
IPft\AOJ2 .LE. 5.0D-i)GO TO 151
GO'TO 152



199

151 IP(AADJ3 .LE. 5.0D-~GO TO 15
152 CONTINUE

NPASS=NPASS+1
C
C NEW CONVERGENCE
C CASAD=GIN*XNOXE*(PN02IN+PNOIN)/(R*T)
C ACIDPR=AL*(C20UT+C30UT)
C COMP=CASAB-ACIDPR
C ACO!'lP=DABS(COMP)
C IF (ACOMP.LE. 0.05DO) GOT015
C CHN02=C2IN+O.33DO*COMP/AL
C CHN03=C3IN+O.33DO*COMP/AL

CHN02=C2DUT+O.333DO*ADJ2
CHN03=C30UT+O.33300*ADJJ

C
G=GIN
P (1) =PN02IN
P (2) =PNOIN
P(J)=P02IN
P (4) =PN2IN
C300T=CHNOJ
C20UT=CHN02

XC]=CJOUT
XC 2=C20UT
NICHE= 1
GO TO 3

15 CO NTU OE
100 CONTINUE

liR IT E (6 .9) ER llR
STOP

END
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SUBROUTINE GP!'!TC (G,AL,T,P,PTOT,ACOL,RHOLIQ,ADRY,DPACK,KG)
REAL*g AAA,G,AL,L,T,P,PTOT,ACOL,RHOLIQ,ADRY,DPACK,KG,A,DG,

* AA,BB,CC,DD,EE,?F,GG,MUGAS,R,SURTEN,MWAVG,RHOGAS
DIMENSION P(10},DG(10),KG(10)
COMMON RHOGAS,MW~VG

GR=9qO. 000
SrJRTEN=70 .. 0DO
CALL VISCOS (PTO'T',P,T,MUGAS)
CALL GASDIP ~TOT,T,DG)

G=G*RHOGAS/ACOL
L= At*R HOL 1Q/ lCOL
R=B2 .. 0 500
AA=.A5
88=L/ (ADRY*!'! UGAS)
CC=L**2.*ADRY/{RHOLIQ**2.0DO*GR)
DD=L** 2. / (RM ot I Q*S URTEN* ADRY)
A=ADRY*{1.-DEXP«-'.~5)*AA**.75*BB**.1*CC**(-.05)*DD**. 2»
EE=A ORY*OPACK
FF=G*OPACK/!'IUGAS
DO 1 1=5,9
GG=!'IUGAS/{RHOGAS*DG{I»
AAA=5.2300

C IF{DPACK.LT. 1.000) AAA=2.3
KG (I) =AAA*G/ (PTOT*!,! ilAVG) *EE** (-1. 7) *FF** (-.3) *GG*. (-. 667)
co NTINUr.
RETURN

END
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SUBROUTINE VISCOS (PTOT,P,T,l1UGASI
RE~L*8 P,T,MUGAS,A,B,C,'U,SQRT~W,MW,MiTOT,~WAVG,SUMN,

* SOI1D,RHOGAS,J?1'OT
DI MENSION MW (10) , A {51, B (5) ,C (5) , 1'lU (51, P (10) , SQRT!!W(S)
COMMON RHOGAS,'WAVG

C NO*=COMPONENT 1
C NO*=CO~PONENT 2
C 02 =COMPONENT 3
C N2=COMPONENT 4

R=82.0S
1(2)=56.7700
A (3) =18. 1100
A(4) =30.4300
B (2) =.481400
B(3)=.663200
B(4)=.498900
C(2)=-.8434D-4
C(3) =-1.8790-4
C (4) =-1.0930-4
DO 1 I = 2,4
MU (I) = (1 (I) + E (I) *T +C (I) *T**2. ) 11. 006

1 CO NTINUE
!1 U (1) =(13 8 • D 0+ • 49 D0* (T-273 • 0 DO) ) 11. 0 06
SQRTMW (1) =5. 4800
SQRTMli (2) =6. 7900
SQRTMW (3) =5.6600
SQRT!'!W (4) = 5.2900
MW (1) =30. 00
MW (2) =30.000
MW (3) =32.000
"W (4) =28. ODO
MWTOT=O.OOO
"InVG=O. OnO
SUMN=O.OOO
so 110=0. aDO
DO 2 I= 1,4
I1WTOT=MIITOT+P(I)/PTOT*I1W (I)
SUMN=SUMN+p(n/PTOT*I1U(I)*SQRTMW(I)
SU MD=S II ~D"P (I) IPTOT* SQRT Mil (I)

2 CONTINUE
MOGAS= SUMN IS UM 0
MiUVG='!WTOT
RROGAS=PTOT*MW~VG/(R*T)

RRTURN
END



202

SUBROUTINE GASDIf (PTOT,T,DG)
REAL*~ PTOT,T,OG,VAAIR,~W,~iArR,VA

DBENSION OG(10),VA (10l,l1llpOI
VA (5)=30.400
VA(6)=60.800
VA (9) =23.600
VA (B) =43. 300
n C') =53. 4 00
VA AIR= 29. 9 DO
I!\l (5) =46. 000
MW (6) =92.000
11" en =30. 000
MW (13)=47.000
I1W(7)=76.000
1'lW AI R= 2q • 0 DO

C GILL~ND EQUASION FOR CALCULATING GASE~US DIFFUSION COEP.
DO 1 I=5,9
DG (I) =0.0043*T**1. 5*OSQRT (1./~W (I) +1./"'WAIR) /

* (PTOT* (VA (1) **. 333+VAAIR**.333) **2.)
CO NTINUE
R'P.TURN

END
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SlJ 8ROO'rTNE LPI'l'rC (ACOL, AL, RHOL IQ, A, ADR Y, DP ACK, KL)
REAL*8 AcaL,AL,KL,AA,BB,CC.DD,~HaLIQ.L,A,~ULIQ.DL.ADRY.DPACK.GR

1'= At.R HOL IQ/ AcaL
G~==9Bl.0DO

!1U LIQ==. 01000
DL==1.80-05
AA=RHOLIQ/(~ULIQ*GR)

88==L/ (A.MULIC)
CC=~ULIQ/(RRCLIQ*OL)

DO=! ORY*DPAC II:
C KL=O.0051DO*AA**(-.333)*SB**.667*CC** (-.5)*00**0.4

FORMAT (D14.6)
EE=AORY*~ULrQ/(GR*RHOLIQ)

FF=MULIQ/(GR**2*RHOLIQ)
GG=/'trJLIQ*L** 3*A DRY**31 (GR**2*R HOLIQ*."')
II:L=. 0025*GG**. 25*CC** (-. 5) *!E:** (-.667) *PF** (-. 111) IA
RETURN

END
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SUBROUTINE HOLDUP (DPACK,AL,RROLIQ,ACOL,EPIL)
REAL*A L,AL,RHOLIQ,ACOL,DPACK,EPIL,DE
L= AL*R HOL IQ/ ACOL
DE=0.68*DPACK**.8S
EPII.=0.145DO*(L/DEl **0.6
RETURN

END
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SUBROUTINE I AR EA (P!UGAS, RHOLIQ ,AL,ADRY ,ACOL, Al
REAL*B L,AL,BHOLIQ,ACOL,ADRY,A,SURTEN,RROGAS,AA,BB.CC,DD

* , .. lJGAS
CO~MON RHOGAS,MWAVG
SlJRTEN=7 0.00 a
GR=980.0DO
L=AL*RHOLIQ/ACOL
AA=.85

2 FOR!1AT (D14.6)
BB=L/( ADRY*. 01 DO)
CC=L**2.*ADRY/(RHOLIQ**2~ODO*GR)

DD=L**2./(RHOLIQ*SURTEN*AORY)
C A=ADRY*(1.-0EXP{(-1.45)*AA**.75*BB**.'*CC**{-.05)*OD**.2»

RE=BB
WE-=OD
A=1.04S*ADRY*RE**.041*WE**.133*AA** (-.1~2)

RETURN
END



206

SUBROUTINE GGCON (P)
COM~OH AK(3) ,AKPRII1,PRIA,P12

REAL*R FCN,PHIA,PHI,P12,F,Y,WA,FTOL,YTOL,ALPRA,AK,AKPRIM,P,AAK
* ,AAA,EBR,COM I:A,COI1PB

EXTERNAL FeN
DIMENSION Y(2),F (2),IU (13) ,P(10)

P(10)=.031DO
AK (1) =6.7600
AK (2) =0.52200
H(3)=1.74DO
AKPRI~=A.K (3) *1? (10)
PHI=P (1) -P (2)
PHIA=PHI
P12=P (1) +P (2)

LIIA=13
N=?

Y(11=P(1)
Y (2) =P (2)

IF (Y (1) • LE. 0.000) GO TO 620
If (Y(2) .LE. O.OOO)GO TO 630
IF (Y(1) .LE. 1.0D-I.l)GOT0632
IF (Y(2) .LE. 1.0D-4) GOT0631

FTOL=1. 0 0-6
YTOL=1.0D-6
l'HU'EV=1000
CALL RYBRD1 (N,PCN,Y,F,FTOL,YTOL,I1AXFF.V,IER,LWA,llA)

IF~(1) .LT. O.ODO)GO TO 710
IF (Y (2) • LT. 0.000) GO TO 710
IF (IlR .GT. 1) GO TO 7'0
GO TO 720

710 WRITE(6,60~IER

600 FORMAT(' IER=' ,12)
IiRITE(6,610) IUXFEV,Y(1) ,F(1) ,Y(2) ,F(2)

610 FOR!'!AT(' AFTER' ,IS,' ITERATIONS',/
1 , 1 0 X, , P 5= " 0 18 • 1 , , 5 X, , F 1= " 0 1 8. 1 , , /
2 ,10X,'P~= ',D1A.11,5X,'F2= ',0'8.1')

IiRIT! (6,609)P{1) ,P(2)
609 FORI'lAT(10X,'P1= ',018.1',5X,'P2= ',D18.11)
720 CO NTINUE

GO TO 690
620 Y(1)=O.ODO

IF(Y(2).LE.0.OD~Y(2)=0.ODO

GO TO 640
630 P(2)=0.ODO
631 P(9)=P{2)

P(8)=O.ODO
P(7)=O.ODO
AAK=1.0DO/AK (1)
AL PfU= ( AAK.0 SQ RT ( 1 • 0 DO +8. 0 DO '" Y (1) /!AK) - AAK) / (14 • 0 DO '" Y (1' )
P (5) =P (1) .ALPHA
P(6)=P(1)"'(1.000-ALPHA)/2.0DO
GOT0680

632 P(5)=P(1}
P(6)=0.ODO
P{i) =O.ODO
P(8)=0.ODO



640
C 640

650
6CJO

670

660

6AO
C

700
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P (9) ;::p (2)
GOT0680
CO NTINlJE
WRITE (6,650)Y(1),1(2)
FORMAT(' ',2D14.6)
CO NTINlJE
P (9);::Y (2)
P (S' =y ( 1)
IF (P(S) .LT. 0.000) GO TO 660
P (6) =AK (1) *p (5) **2
IF (P(9) .LE. O.O)GO TO 610
P(1) =AK(2) *p (S)*!?(9)
P ( R) ;::0 SQRT (1 K (3) *p ( 1 0) *p (S) *P ( 9) )
GO TO 580
P (7) =0.000
P(8)=0.ODO
GO TO 680
P(6)=0.000
P (1) =0.000
P (8) =0. 000
CONT!NUE
IiRIT E (6, 1 00 ) !? (1) , P (2) , P (5) , P (6) , P (7) , P (8) , P (9) , P ( 10)
FORMAT (' ',80H.6)
RETURN

END
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C
C
C

SUBRO!JTINE FCN{N,Y,P,IER)
I~PLICIT REAl*8(A-R,O-Z)

CO~MON AK(3) ,AKPRIM.PHIA,P12
DIl1ENSIOH F (2) ,Y (2)

PHI=PHIA
C WRITE(6,100) 1(1),Y (2), AI< (1) ,AK (2) .AKPRI!1,PHI,P12

100 FOR"!AT(7D1~.6)

P ( 1) =y ( 1) .. 2. 000* AK (1 ) * y ( 1) *Y (1) .. 2.0 DO *AK (2) * Y ( 1) *Y (2) +
, DSQRT (DABS(AKPRIl'I*Y (1) *y (2») +Y (2) -P12

P (2) =Y {1) +2. ODO*AK (1) *y (1) *y (1) -Y (2) -PHI
IF(Y(2).GT.O.ODO)GO TO 200
F(1) =1.Q06*Y (2)

200 CONTIN!JE
RETURN
END
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SUBROUTINE FLUX (K,P,EN203,EN204,KG,R,KL,ACHN02,ACNO,REXN,PS)
C PROGRAM TO aSE THE SHOOTING METHOD TO SOLVE A
C DIfFERENTIU EQN liITH AN UNKNOWN aOlJHDARY CONDITION.
C THIS DI?F ~Q INVOLVES ABSORPTION FLUX ACRJSS A GAS-
C lIQUID !NTERf ACE AND liAS D'ER IVEO BY P COUNCE.
C PROGRA!! BY C EME t1S0~. 240CT79.
C
C

IMPLICIT REAL*8 (\-H,O-Z)
REAL*8 K,KG,KL
COMMON /CCPASS/PNOR,PHI(13) ,CRN02,C~O,PNOS
COMMON /CPASS/PN02S,PN02B
DI ME NS ION K (3) , Ii (1 0) , P (1 0) , PS ( 10) , KG (1 0)

EXTERNAL F
EXT'ERNU DEFV
B=.100DO
A=0.1D-4
TOL=1.00-J

CHN02=ACHN02
CNO=ACNO
PMOS=P (q)
PN02B=P (5)
SQARKP=DSQRT (K (3) *p (10»
PHI (1) =KL/R (5)
PH 1(2) =2. onO*E N204* K (1)
PHI(3) =EN203*K (2)
PH I (4) =0.5 DO *KL*SQARKP /H (8)
PHI (5) =0.500 *KL
PHI(61 =1. 1100*KL/R (9)
PH 1(7) =KL
PHI(q)=KG(5)
PHI(9) =4.0DO*KG (6) *K (1)

C PRI(11)=0.000
PHI (10) =KG (7)*1< (2)
PRI(11) =0. 2500*KG (8) *SQARKP
PHI(12) =KG (9)
PHI(13)=O.ODO
?L UX= (P (8) - R (8) *c HNO 2) / (1 • 0 DO/ KL + 1 • 0 DO / (H (8)> * KG (8) ) )
IF (FLUX.LT.O.OOO)PHI (4)=0.000
IF (FLUX. LT. 0.000) PHI (5) =0.000

Z= ZE ROIN (A, B, F ,T OL)
U(Z .LT. O.ODO)GO TO 301
IF (PMOS. LT.o.ono) GO TO 301
GO TO 302

30 1 CO NT IN lJ E
iRITE(6,300)Z,PNOS

300 FOR!"!AT(' ','PNC2S= ',E18.11,'PNOS= ',E18.11)
302 CONTINOE

DIFF=KL*(CNO-PMOS/H(9) )
C IF(DIFF.GT.REXN)GOT0303

IF (REXN. GT. 0 IFF) R!XN=DIFF
GOT0306

303 PRI(6) =0.000
PRI(7) =O.ODO
PRI(13)=REX~

Z=ZEROIN(A,B,F,TOL)
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IP(Z.LT.O.ODmGO T0305
IF{PNOS.LT.0.ODO)GOT030S
GOT0306

Joe; 'ilRIT'P.{6,300) Z, PNOS
306 CONTINUE

PS (5)-=Z
PS (9) -= PMOS
PS (6) =K(1) *PS(5)*PS (C;)
PS (7) -=K (2) *p S (') *l?S (9)
IF(P(5) .LE. O.ODO)GO TO
IP(PC~) .LE. O.ODO)GO TO 1
PS (9)-=SQARKP*OSQRT(PS(5t *PS(9»
GO TO 2

1 PS (8) =0.000
2 CONTINUE

RETURN
END
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C
C
C

SUBROUTINE DERV(T,Y,YP)
IMI?LICTT REAL*8 (A-H,O-Z)

COMMON /CCPASS/PNOB,PHI(13) ,CRN02,CNO, PNOS
COMMON /CPASS/PN02S,PN02B

DATA 'ZERO/'.0-6/
PH IA=P HI (1)
PHIB=PRI (2)
PHIC=I?HI (3)
PHIO=PHI(4)
PHIE=P HI (5)
I?HIF=PRI(6)
PfHG=PHI ('1)
PHIH=PHI(8)
PHII=I?HI (9)
PHIJ=PRI (10)
PHIK=PHI (1 1>
PHIL=PHI (12)
PHI~=(-1.000)*PHI('3)

PN02=Y
C WRITE (6,100)PRIA,PHIB,I?HIC,I?HID,PHIE,PHIF,PHIG,PHII,PHIJ,PHIK
C 100 11'0 RM AT (1001 4. 4)

IF (PNOB.LE.ZERO)PNOB=ZERO
IF (PN02B. LE. ZERO) PN02B=Z ERO

IF(PN02. LT. ZERO) PN02=ZERO
PNOS=«PHIR+PHIA)*PN02S+(.5DO*PHII+PHIB,*

, PN02S*PN02S-PHIH*PN02B-.5DO*PHII*PN02S*PN02B+PHlt*PKOB+
2 PHIG*CNo-PHIM)/(PHIL+PHIF)

17(PNOS.LT.ZERC)PNOS=ZERO
PNO=1.DO/PHIL* «PHI1*PN02S+PRIS*PN02S*PN02S-PHI7*PNOS

1 -PHI~+PHIG*CNO)*T+I?HIH*PN02+.5DO*PHII*PN02.PN02

2 - (I?HIH*PNO 2B+. 500*PHII*PN02B*I?N02B-P Hlt* PNOB) )
IF(PNO.LT.ZERO)PNO=ZERO
Ill' (T .GT•• 9900) PNO=PlfOS
A=I?H IH+PHII* PN02
B=PHIJ* PNO+PHI K*OSQRT (PKO/PN02)
C=PHIJ*I?K02+PHIK*OSQRT (PKO 2/PKO)
O=PHI1
RN02S=PH n.*PN02S +PHIB*EtN02S*PN02S +

1 PHIC*PKOS*PN02S+PRID*OSQRT(PNOS*PN02S)-
2 PHIE*CHN02

RNOS=PHIC*PNOS*PN02S+PRIO*OSQRT(PNOS*PN02S)+
1 PHIF*PNOS-PHIE.CHN02-PHIG.CNO+PHI~

YP= «-C-O) *RN02S+C*RNOS) /( (A+B). (C+D) -C*B)
RETURN
END



c
c
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DOUB LE PRF.CISICN :"UNCTION F' (C)
IMPLICIT REAL*8 (A-H,O-7.)
EXTERNAL DERV
DI~F,NSION WORK (9} ,IWORK (5)
COMMON /CPASS/PN02S,PN02B
PN02S=C
NEQN='
Y=PN02R
RELERR='.OD-3
ABSERR=O.ODO
IFLAG='
T=O.OOO
TOOT=1.000
CALL RKF45(OERV,NEQN,Y,T,TOOT,RELERR,ABSERR,IFLAG,iORK,IWORK)
F=Y-PN02S
IF (HUG.GT. 2) WRITE (6,200) IPLAG

200 fORMAT(' IFLAG= ',12)
RETU RN
END



213

SUBROUTINE NOOUD (NFI.QW,1',PNO,P02,VGAS,G,XNO)
IMPLICIT RE.U*S (A-H,O-Z)

C-----VGAS IS VOLU~E OF fREE SPACE
REAL*8 K
NPASS = 0
CXZ = O. aDO
XL = 0.00000
IR = .9990DO
XTEST=2*?02/PNO
IF (XTEST .I.E. XR) XR=XTEST
B= PHO/P02
EPI = .000100
R = .0820")DO
K=10*. (652. 1DO/T-0. 735600)

TA W=VGAS/G
C IIRITE (6,52) PNO,P02,TAII, K

A = K*TAW *PNO.P02
101 Jl'ORMAT (2(QX,f,10.3»

CALL EVALG (NFLOW,B,A,XR,P'XR)
CALI. EVALG (NFLOW,B,A,XI.,FXL)
AP'XI. = OABS (PXL)
APIR = DABS (nR)
IF{AFXL - EPI) 20,20,10

10 IF(U'XR - EPI) 21,21,11
11 IF (FIL * FXR .1.1'. 0.0) GO TO 12

WRITE (6, 13)
13 FOR!'IAT(5X,' A ROOT BETWEEN 0 AND 1 IS NOT FOUND IN GAS')

WRITE (6,51) XL,XR,FXL,rXR
51 FOR!'!AT ('XL,XR,FXL,FXR=',tJD10.3)

WRITE (6,52) FNO,P02,TAW,K
,2 F'OR!'IAT (' FNO,P02,TAW,K=',tJ010.3)

XNO=O.OOO
GO TO 23

12 IP(IR-XL) 14,114,15
14 XZ = (XL - XR)/2.0DO

CALL EVALG (NFLOW,B,A,XZ,F'XZ)
XNO= XZ
GO TO 23

15 TXL = XL
TIR :: XE

16 NPASS = NPASS + 1
XZ = (TXL + TX Il) /2.000
XNO=XZ
con = DABS (XZ -CXZ)
IF (CONV • LT. EPI) GO TO 40
IF (NPASS • GT. 1000) GO TO 40
GO TO 30

40 CONTINU~

GO TO 100
30 CONTINU!.

CXZ = IZ
CHI. EVALG {NFLOW,B,A,XZ,FXZ}
Arxz = DABS {fXZ}
AOXZ = DABS (1' XL - TIB)
IF (AFXZ • LE. EPI) GO TO 24
IF (ADXZ • LE. EPI) GO TO 24
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I F ( PX L • F XZ • LT. 0 ) GOT 0 2 5
TXL = Xl
FXL=FXZ
GO TO 115

20 CONTINllt
X'lO= XL
GO TO 23

21 CaNT INUE
XNO= XR
GO TO 23

2ij CONTINUE
25 TXR = XZ

FXR=FXZ
INO= XZ
GO TO 16

23 CONTINO?,
100 CaNT INUE

RETU RN
END
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SUBROUTINE EVALG (NFtOll.B,A.X,.FX)
HIPLICIT REAI*R (A-H',O-Z)

C IF NFtOW EQ 2,THE MODEL USED IS PLUG FLOW
C IF NFtOW EQ 1, THE FLOW IS ASSUMED ro BR MIXED

IF (NFLOW .EQ. 2) GO TO 2
IF (X .LE. O.ODO)FX=!
IF (X .LE. O.ODO}GO TO 1

FX=A*(1.0DO-«(B/2.0DO}+2.0DO,*X+(B+1.0DO)*X**2-(B/2.0DO)*X**3)-X
GO TO 1

2 CONTINUE
IF (X .LE. O.ODO)FX=A
IF (X .LE. O.ODO)GO TO
BB=(-1.0DO)*B/2.0DO

FX=&-(1.0DO/(1.000+BB»*(1.DO/(1.DO-Xl+(BB/(1.0DO.BB»
* *OLOG«1.DO+ES*X)/(1.DO-X»)

1 CO NT INUE
RETURN
END






